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Zooarchaeological and palaeoenvironmental reconstruction of newly excavated Middle 
Pleistocene deposits from Elandsfontein, South Africa 
 
by 
Frances Lynn Forrest 
Adviser: Thomas Plummer 
Increased consumption of animal tissue is arguably one of the most important adaptive 
transitions in early hominin behavior. A dietary shift toward regular tool-assisted meat 
consumption and increased competition with the carnivore paleoguild likely helped shape many 
important hominin adaptations such as foraging patterns, habitat preferences, and social 
behaviors. Yet, the ecological and behavioral implications for increased hominin carnivory 
remain poorly understood.  This dissertation examines the zooarchaeological and 
paleoenvironmental history of an important Acheulean hominin locality, Elandsfontein, South 
Africa (ca. 1.0 – 0.6 Ma). The goal is to begin addressing under-investigated aspects of 
Acheulean hominin behavioral ecology and place Acheulean hominin subsistence behavior 
within an environmental context.  
The first part of this dissertation is focused on the mechanisms of large mammal bone 
accumulation and alteration. Although there is a long history of research at Elandsfontein, the 
majority of the original EFTM faunal material was collected from deflation surfaces and lacks 
sufficient contextual information. As such, it is unsuitable for placing hominin behavioral 
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ecology within a resolved spatial and temporal framework. I conduct a comprehensive 
zooarchaeological analysis of fauna from four recent excavations across the Elandsfontein 
dunefield. Findings indicate that earlier zooarchaeological studies at Elandsfontein underestimate 
the degree of hominin contribution to the fossil assemblage and do not take into account the 
complex taphonomic history across the paleolandscape.  
The second part of this dissertation contributes to the growing body of 
paleoenvironmental data at Elandsfontein by incorporating bovid ecomorphological analysis. I 
conducted a traditional ecomorphological analysis of bovid radii, astragali, and proximal 
phalanges using caliper measurements. Results suggest a mix of habitats including a 
predominantly open landscape with significant woody or bushy components. Finally, I introduce 
a new technique for conducting ecomorphological analysis on bovid mandibles and metapodials 
using 3D geometric morphometrics (3D GM). This study marks the first use of 3D GM to 
explore morphological correlates to diet and locomotor behavior in African antelopes. Results 
are consistent with previous habitat reconstructions at Elandsfontein suggesting a mix of habitats 
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Chapter 1. Introduction and Background 
 
Increased consumption of animal tissue is arguably one of the most important adaptive 
transitions in early hominin behavior. A dietary shift toward regular tool-assisted meat 
consumption and increased competition with the carnivore paleoguild likely helped shape many 
important hominin adaptations such as foraging patterns, habitat preferences, and social 
behaviors. Yet, the ecological and behavioral implications for increased hominin carnivory 
remain poorly understood.  The earliest unequivocal archaeological evidence for tool-assisted 
butchery of large mammals coincides with the appearance of Oldowan core and flake technology 
at approximately 2.6 Ma. Meat would have served as an important a source of protein and fat, 
and may have been a critical resource during times of seasonal plant food shortages (Foley 
1987). This dietary shift would have placed early hominins in direct competition with large 
carnivores and has important implications for hominin and carnivore interactions. Carnivory in 
Oldowan hominins has been examined extensively and a large body of taphonomic and 
zooarchaeological research has been established (Bunn and Kroll, 1986; Binford, 1988; 
Blumenschine, 1988; 1995; Oliver, 1994; Selvaggio, 1994; 1998; Capaldo, 1995; 1997; 1998; 
Dominguez‐Rodrigo, 1997). Despite the importance of the transition from the Oldowan to the 
Acheulean, the vast majority of studies that investigate Acheulean hominin behavior have 
focused on the better represented artifact sample.   
The addition of Acheulean biface technology began in Africa approximately 1.75 Ma and 




manufacture of large bifacial cutting tools. The development of the Acheulean is suggested to 
coincide with important biological transitions in human evolution such as the appearance of 
hominins with increased cognitive function and larger brain size (Stout et al., 2008), larger body 
size, and a shift toward obligate bipedalism and endurance running [(i.e. Homo erectus and their 
descendants) (Shipman and Walker, 1989; Ruff and Walker, 1993; Aiello & Wheeler, 1995; 
Bramble and Lieberman, 2004)]. The metabolic cost of these biological changes would have 
required an increase in nutritional intake through the consumption of more nutritionally dense 
foods (Aiello and Wheeler, 1995; Milton, 1987; Ruff and Walker, 1993; Shipman and Walker, 
1989). A common assumption is that Acheulean hominins increased their consumption of animal 
tissue in order to sustain their larger brains and body size, but this assumption has not been 
explicitly tested. Only a handful of Acheulean localities have been subject to the full suite of 
modern zooarchaeological analyses. Presently the best known reviews have been conducted at 
Elandsfontein (EFTM) and Duinefontein 2 in South Africa, Olduvai Gorge (Beds II, III, and IV) 
and Peninj (ST site complex) in Tanzania; Gesher Benot Ya’akov in Israel;  Ambrona, 
Atapuerca, and Torralba, in Spain; and Boxgrove, England (Freeman, 1975; Klein, 1978; Howell 
et al., 1991; Milo, 1994; Carlos Díez et al., 1999; Parfitt and Robert, 1999; Domínguez‐Rodrigo 
et al., 2002; Cruz‐ Uribe et al., 2003;  Villa et al., 2005). Evidence of hominin induced bone 
modification is minimal or absent at many localities including Ambrona, Torralba, Elandsfontein 
(EFTM), and Duinefontein. The lack of hominin-modified bones at these localities has been 
interpreted as evidence that Acheulean hominins did not have regular access to large mammal 
carcasses and did not have a significant impact on the ecology of the landscapes they inhabited 
(Klein, 1978, 1982, 2000, 2009; Klein and Cruz-Uribe, 1991; Klein et al., 1999, 2007; Milo, 




Ya’akov, Olduvai Gorge, and Peninj, preserve hominin butchery marks that are suggestive of 
primary access to carcasses (Monahan, 1996; Carlos Díez et al., 1999; Parfitt and Robert, 1999; 
Domı ́nguez-Rodrigo et al., 2009; Rabinovich et al., 2012; Pante, 2010; 2013). The vast majority 
of studies that investigate Acheulean hominin behavior have focused on artifact technology, as 
most African Acheulean sites lack well preserved faunal remains in primary association with 
artifacts. The behavioral context of Acheulean artifact production remains poorly understood 
compared to the preceding Oldowan and succeeding Middle Stone Age. Acheulean hominins are 
thought to have made little impact on the carnivoran paleoguild and surrounding landscape 
compared to later MSA hominins (Cruz-Uribe et al., 2003; Milo, 1994). Nonetheless, this idea is 
based primarily on a lack of data relating to Acheulean hominin behavior rather than evidence of 
their foraging capabilities. In order to say anything evolutionarily significant about shifts in 
human foraging behavior, we first need to be able to place these behaviors in their proper context 
and address this important gap in our understanding of human evolutionary history. 
Because many of the important selective pressures that have shaped hominin evolution 
are environmentally driven, reliable reconstructions of paleoenvironmental conditions are 
essential for building and testing hypotheses about human evolution. Taxon-based faunal 
methods assume behavioral stasis between fossil taxa and their extant relatives (taxonomic 
uniformitarianism). However, this may not always be a reasonable assumption as it does not take 
into account unique adaptations of fossil taxa (Plummer & Bishop, 1994). In contrast, 
ecomorphological reconstructions are made by comparing fossil morphology to extant organisms 
that share similar adaptations. Though constrained to a certain extent by phylogeny, organisms in 
similar habitats often contain similar morphological adaptations to feeding and locomotion. In 




identifications are typically straightforward but contribute little information to taxon-based 
methods. 
This dissertation examines the zooarchaeological and paleoenvironmental history of an 
important Acheulean hominin locality, Elandsfontein, South Africa (ca. 1.0 – 0.6 Ma). The goal 
is to begin addressing under-investigated aspects of Acheulean hominin behavioral ecology and 
place Acheulean hominin subsistence behavior within an environmental context. Acheulean 
assemblages typically lack well-preserved faunal remains recovered in primary association with 
artifacts, and as a result, studies have largely focused on lithic technology to the exclusion of 
faunal analyses. The large faunal sample from Elandsfontein is a rare exception and has greatly 
influenced the way that we interpret hominin foraging during this time. Elandsfontein, records 
evidence of multiple concentrations of artifacts and fossils in association with 
paleoenvironmental proxies (Drennan, 1953a, b). In addition, it provides a unique opportunity to 
explore hominin behavior in an aeolian context and winter rainfall environment (Braun et al, 
2013a, b).  
 
Past Research at Elandsfontein 
Elandsfontein is located on the West Coast of South Africa approximately 100 km NNW 
of Cape Town, and approximately 20 km inland of Saldanha Bay, near the town of Hopfield 
(Klein, 1978). There are currently at least 31,000 square meters of fossiliferous deposits exposed 
in a widespread dune complex. Initial collections at Elandsfontein occurred between the 1950’s 
and 1990’s, and few records were kept of bone and artifact distribution. The site is best known 
for a hominin cranium, the “Saldanha Skull”, and a hominin mandibular ramus, both identified 




1954). The hominin fragments were found with over 160 Acheulean artifacts and approximately 
13,000 mammalian fossils. However, over 90% of the fossils at this locality, including the 
hominin fossils, were collected unsystematically from deflation surfaces and have no spatial or 
temporal provenience within the dune field (Klein et al, 2007). This sample is collectively 
referred to as “Elandsfontein Main” (EFTM) and is currently curated in the Iziko South African 
Museum. 
In 2008, the West Coast Research Project (WCRP) began systematic excavations 
throughout the Elandsfontein dune field to better understand the relationship between early 
human behavior and paleoenvironment context. Excavations span nearly 4km
2
 and have exposed 
a large number of vertebrate fossils (n =~20,000) in primary association with artifacts (n 
=~3,800). These recent efforts have provided a high resolution stratigraphic framework that 
allows for distinction between deflation deposits and those in primary context. 
 
Geology 
Initial geological studies at Elandsfontein (Mabbutt, 1956; Needham, 1962; Singer and 
Wymer, 1968; Butzer, 1973; Roberts, 1996; Deacon, 1998) documented distinct features of 
sediments. This led to various interpretations of site formation including aeolian deposition, 
fluvial deposition, erosive events, and pedogenic processes (Mabbutt, 1956; Singer and Wymer, 
1968; Butzer, 1973; Deacon, 1998). Nonetheless, these studies are based largely on the minimal 
surficial exposures and have no real stratigraphic context (Butzer, 1973; Klein et al., 2007). 
Recent studies (WCRP) document the presence of fairly continuous surfaces, reflecting 
similar ecological and geomorphological processes over an extensive area (about 6 km
2
). There 




Sands, Calcareous quartz sands, Surface carbonate, and Ferricrete ridges (Braun et al., 2013b). 
The older Calcareous Quartz Sands contain vertebrate and invertebrate fossils, but they are not 
abundant and are not associated with any artifacts (Braun et al., 2013a, b). Deposition of the 
calcareous sands likely represents aeolian deposition of reworked beach sands distributed 
extensively along the western coast of South Africa (Roberts et al., 2009). Dissolution, 
reprecipitation, and biogenic features in this unit, suggest intervals of an elevated water table and 
spring activity, during cessations in aeolian deposition (Braun et al., 2013b). The majority of the 
fossils and all of the lithic material derive from a nodular layer in the Upper Pedogenic Sands. 
The Upper Pedogenic Sands layer is tied to the genesis and maturation of soils within the 
Strandveld region of South Africa. Leached, iron-rich soils represent periodic cessation of dune 
activity and demobilization of sands by vegetation. It is likely that these pedogenic horizons 
reflect multiple overprinted events of soil formation and subsequent burial by aeolian processes. 
The nodular layer, that is consistently associated with the artifact and fossil bearing horizon, may 
represent an interval of pedogenesis that was responsible for initial fossilization and subsequent 
leaching (Butzer, 1973; Felix- Henningsen et al., 2003; Fuchs et al., 2008). 
 
Dating 
The EFTM faunal sample was originally dated by comparing the South African fossils to 
radiometrically dated fauna in eastern Africa (Klein et al., 2007). Based on the co-occurrence of 
Syncerus (Pelorovis) antiquus and Rabaticeras, the EFTM fauna were suggested to date between 
1 Ma. and 600 Ka (Klein et al., 2007). Rabaticeras, has a last appearance date (LAD) of 
approximately 0.6 Ma. in the Afar basin (Klein et al., 2007).  S. antiquus  was suggested to have 




which has been dated to >1.07 Ma (Tamrat and Thouveny, 1995; Klein et al., 2007). However, S. 
antiquus has since been demonstrated throughout the African continent for much of the 
Pleistocene (Marean,1992; Faith et al., 2012) and has been recovered from deposits as old as 
1.07-0.99 Ma  at Cornelia-Uitzoek, South Africa (Brink et al., 2012). Specimens attributed to the 
genus Syncerus (sp.) have also been described from 1.6 to <1.4 Ma old deposits at Swartkrans, 
South Africa (de Ruiter et al., 2009; Herries et al., 2009; Herries and Adams, 2013). An age of 
1Ma-600Ka is consistent with the presence of eland (Taurotragus oryx), gelada baboon 
(Theropithecus oswaldi), extinct suids (Metridiochoerus andrewsi and Kolpochoerus paiceae), 
reedbuck (Redunca arundinum), and Reck’s springbok (Antidorcas recki), all of which are 
represented by the same or closely related forms at east African localities between roughly 1 Ma 
and 600 ka (Geraads et al., 2004). 
Recent dating of many South African deposits has now made it possible to compare 
EFTM fauna with biostratigraphic data from the southern African sub-continent (Herries et al., 
2009, 2010, 2013; Herries and Adams, 2013). Biochronological analyses place the fossil and 
artifact assemblage between 1.6 Ma and 578 ka. Megantereon whitei and Sivatherium both occur 
in South Africa between 1.6 and <1.4 Ma at Cooper’s Cave D (de Ruiter et al., 2009). 
Hippotragus gigas occurs at sites older than 780 ka, such as Buffalo Cave (1.07-0.78 Ma; 
Herries et al., 2006), although Hippotragus cf. gigas has also been noted at Swartkrans as late as 
1.3 Ma to 600 ka (Herries and Adams, 2013). Rabaticeras is last seen in South Africa at 
Gladysvale Cave between 0.780 and 0.578 Ma (Lacruz et al., 2002). 
The lower age of the artifact and fossil layer in the Upper Pedogenic Sands remains 
unclear. The large giraffid Sivatherium is known from a variety of localities and does not provide 




North African localities that pre-date the Brunhes-Matuyama boundary. This would support an 
age of older than 780 Ka for the Bay 0209 locality. Overlying silica rich deposits, which cap the 
Upper Pedogenic Sands, record intermediate and normal polarity directions. However, this does 
not prove conclusively that the fossil and artifact rich sediments were deposited in the Brunhes 
Chron (after 0.78 Ma) as remnants may have formed much later than fossil deposition. The 
occurrence of a single reversed polarity sample is intriguing as it may suggest that the Upper 
Pedogenic Sands unit is older than 0.78 Ma. 
The calcareous quartz sands are stratigraphically below and distinct from the artifact and 
fossil horizon in the Upper Pedogenic Sands. Preliminary palaeomagnetic data indicate that this 
unit has reversed polarities and is thus older than 0.78 Ma, but based on the biostratigraphy of 
overlying horizons perhaps more likely >1.07 Ma. The fossils recovered from the calcareous 
sands do not provide any biostratigraphic information that helps us to further constrain the age 
(Braun et al, 2013b).  
 
Taphonomy/zooarchaeology 
Taphonomic analysis of surface collected EFTM faunal material reveals that Middle 
Pleistocene deposits at Elandsfontein were likely accumulated and/or modified by various 
physical and behavioral agents including natural deaths, porcupines, large carnivores, and 
Acheulean hominins (Klein & Cruz-Uribe, 1991). Previous analyses reveal evidence of 
occasional hominin cutmarks on bone surfaces albeit at quite low frequencies (0.7% of all 
available limb surfaces and 0.2% of tarsals of large-medium and large bovids [(n=1608 
specimens) (Milo, 1994)]. Carnivore tooth marks have been identified on 1.8% and 1.4% of limb 




represented in the surface collected assemblage, and it is possible that on-site feeding and/or 
removal of bony elements may have influenced skeletal part frequencies. The faunal material 
from Elandsfontein was interpreted as having predominantly accumulated through natural 
mortality and subsequent scavenging by carnivores and hominins, with hominins playing a very 
minimal role in carcass modification. Frequencies of hominin induced bone damage, on in situ 
WCRP faunal material, are higher than previously reported for surface collected materials. In 
addition, parts of the bone that typically preserve hominin butchery damage (i.e. shaft fragments) 
are more common in the newly excavated material indicating that they were either not collected 
previously or were not preserved.  
 
Paleoenvironmental analysis 
The EFTM sample consists of an extremely diverse mammalian fauna dominated by 
large browsing and grazing ungulates. The diversity and abundance of mammalian taxa in the 
EFTM faunal sample contrasts strongly with the faunal composition of the Cape Floral Region 
today. At present, the Elandsfontein region is dry and ecologically poor. The principal vegetation 
types are a mix of strandveld (beach shrubs, succulents, herbs, and daisies), renosterveld 
(grasses, shrubs, small trees, and perennials), and coastal fynbos, with grass making up only a 
minor component of the ecosystem (Rutherford and Westfall, 1986; Deacon and Lancaster, 
1988). An abundance of grazing taxa suggests a significant grassy component to the EFTM 
vegetation. There are also several, less well represented, browsing species indicating woody or 
shrub vegetation. Limited palynological analysis of sediment samples and hyena coprolites 
provide evidence of yellowwood (Podocarpus sp.), smalblad (Metrosideros sp.) 




(Plumbago sp.) pollens (Singer and Wymer, 1968). Today, most of these species occur in highly 
productive bushveld-type environments (grassy plains dotted by dense clusters of trees and tall 
shrubs) with warm growing seasons (summer rainfall) and predominantly C4 grasses. In contrast, 
isotopic analyses of EFTM ungulate tooth enamel and bones indicate that the EFTM 
environment was dominated by C3 vegetation and accumulated under a predominantly winter 
rainfall regime (Luyt et al., 2000). Taxonomic composition of the faunal assemblage suggests a 
grassy environment similar those seen today in north-eastern parts of Southern Africa (Mucina 
and Rutherford, 2006) with slightly more mesic conditions (Butzer, 1973; Klein and  Cruz-Uribe, 
1991; Klein, 2009). Nevertheless, mesowear studies indicate that many large mammals at 
Elandsfontein had dietary adaptations that are not expected based on their taxonomy. Higher 
frequencies of browsing indicate that the environment probably contained a slightly higher 
percentage of trees or broad-leaved bush than previously recognized (Stynder, 2009). A wetter 
environment is supported by the presence of wasp tunnels in fossilized bones (Klein and  Cruz-
Uribe, 1991) and water dependant species such as hippopotamus (Hippopotamus amphibious), 
clawless otter (Aonyx capensis), and reedbuck (Redunca arundinum).  Recent geological and 
paleoenvironmental studies of the excavated WCRP fauna suggest that Elandsfontein may have 
been buffered from regional mid-Pleistocene aridification by ancient spring deposits (Braun et 
al, 2013b, Patterson et al., 2016; Lehmann et al., 2016). An increase in δ
18
O values of surface 
water at Elandsfontein indicate a shift in hydrology from predominantly fluvial sources to a 
largely spring-fed system in the mid-Pleistocene (Lehmann et al,. 2016).  C4 vegetation was 
present in the diets of some ungulates (Luyt et al., 2000; Patterson et al., 2016; Lehmann et al., 
2016), but appears to have been a relatively insignificant component of large herbivore diets [(0-




show higher frequencies (20 - 52%) of C4 in the diet, suggesting difference in the local 
vegetation at Elandsfontein compared to the surrounding arid Cape Floral Region (Patterson et 
al., 2016).  
 
Goals of this study 
This dissertation focuses on reconstructing the ecology of Early Stone Age hominins at 
Elandsfontein by exploring the relationship among the hominins, the adjacent mammalian 
community, and the physical environment. The goals of this research are to integrate information 
gained from the zooarchaeological record with data from the paleoenvironmental record for a 
more holistic view of hominin foraging behavior. Of particular interest is the significance of 
meat in the diet of early members of the genus Homo and the degree to which environmental 
conditions may have influenced hominin access to large herbivores. The four main goals of this 
study are to 1) determine the mechanisms of site formation and asses the degree to which 
hominins and carnivores contributed to the fossil assemblage 2) establish whether the activity of 
different bone modifying agents varied across the paleolandscape 3) contribute to the growing 
body of data on paleoenvironmental conditions at Elandsfontein using traditional 
ecomorphological methods 4) establish new ecomorphological techniques for inferring 
paleohabitat by using 3D geometric morphometrics.  
The first part of this dissertation is focused on the mechanisms of large mammal bone 
accumulation and alteration. Although there is a long history of research at Elandsfontein, the 
majority of the original EFTM faunal material was collected from deflation surfaces and lacks 
sufficient contextual information. As such, it is unsuitable for placing hominin behavioral 




comprehensive zooarchaeological analysis of fauna from four recent excavations across the 
Elandsfontein dunefield. I demonstrate multiple agents of bone accumulation with varying 
degrees of hominin and carnivore activity distributed across the paleolandscape. Frequencies of 
hominin-induced butchery are higher (up to 3.6% NISP) than reported for previously collected 
samples (<1% of limb surfaces). In addition, taphonomic analyses suggest that all carnivore and 
hominin damage frequencies are likely underestimates as these can be obscured by taphonomic 
processes related to aeolian deposition. Our findings indicate that earlier zooarchaeological 
studies at Elandsfontein underestimate the degree of hominin contribution to the fossil 
assemblage and do not take into account the complex taphonomic history across the 
paleolandscape.  
The second half of this dissertation contributes to the growing body of 
paleoenvironmental data at Elandsfontein by incorporating bovid ecomorphological analysis. 
Increased regional aridity, along with the growth and speciation of the endemic Cape flora, are 
suggested to have presented Early-Middle Pleistocene hominins at Elandsfontein with more 
difficult conditions than their counterparts in East Africa and may indicate increased hominin 
ability to deal with harsh environments after 1 Ma (Klein, 2000). However, recent isotopic 
studies suggest that Elandsfontein may have been buffered from regional aridification by the 
presence of ground fed springs. Permanent fresh water and an abundance of plant and animal 
resources likely provided hominins with a refuge against environmental fluctuations and 
resource instability in the surrounding Cape Floral Region (Braun et al., 2013a, b; Patterson et 
al. 2016, Lehmann et al., 2016). Chapter 3 is a traditional ecomorphological analysis of bovid 
radii, astragali, and proximal phalanges using caliper measurements. Results suggest a mix of 




Vegetation cover during the early-middle Pleistocene differed from conditions seen in the region 
today and likely provided Early-Middle Pleistocene hominins with similar foraging conditions to 
C4 dominated grassland habitats in East Africa. 
Chapter 4 introduces a new technique for conducting ecomorphological analysis on bovid 
mandibles and metapodials using 3D geometric morphometrics (3D GM). Traditionally, 
ecomorphology has been performed with qualitative assessment (Gentry, 1970; Degusta and 
Vrba, 2005) or linear (caliper) measurements (e.g. Kappelman, 1988; Plummer and Bishop, 
1994; Kappelman et al., 1997; Kovarovic et al., 2002; Degusta and Vrba, 2003; Palmqvist et al., 
2003; Bishop et al., 2011). Unlike studies using caliper measurements, which divide bone 
morphology into separate linear components, 3D GM allows one to examine the shape of the 
entire bone as a single unit (Rohlf and Marcus, 1993; Adams et al., 2004; Figueirido et al., 
2009). In addition, the method can be applied to incomplete specimens and is therefore 
applicable to fossils from archaeological and paleontological excavations. This study marks the 
first use of 3D GM to explore morphological correlates to locomotor behavior in African 
antelopes and utilizes a recently described technique for determining dietary adaptations in bovid 
mandibles (Forrest and Plummer, in review). Fossil mandibles predominantly classified with 
modern fresh grass grazers and the predicted diets of fossil species were similar to predictions 
based on mesowear and stable carbon isotopic analysis. Fossil metacarpals primarily classified 
with modern forest dwelling species while metatarsals predominantly classified with modern 
bovids from light cover habitats. Distal metapodial DFA classification success rates performed 
considerably better than almost all DFA models based on caliper measurements. In addition, this 




Results are consistent with previous habitat reconstructions at Elandsfontein suggesting a mix of 
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Chapter 2. Zooarchaeological Analysis of Newly Excavated Middle 




The Early-Middle Pleistocene is an important but poorly understood interval in human 
prehistory. Archaeological assemblages of this age typically lack well-preserved faunal remains 
recovered in primary association with artifacts, and as a result, studies have largely focused on 
lithic technology to the exclusion of faunal analyses. The large faunal sample from 
Elandsfontein, South Africa (ca. 1.0 – 0.6 Ma) is exceptional and has greatly influenced the way 
that we interpret hominin foraging during this time. Surface collections, starting in the 1950s, 
recovered ~13,000 mammalian fossils and >160 associated Acheulean artifacts. The faunal 
material from Elandsfontein was interpreted as having predominantly accumulated through 
natural mortality and subsequent scavenging by carnivores and hominins, with hominins playing 
a very minimal role in carcass modification. Low frequencies of stone tool cutmarks were taken 
as evidence that Acheulean hominins had limited ability to obtain large carcasses and had little 
impact on the mammalian community in general. However, the majority of the original 
Elandsfontein faunal material was collected from deflation surfaces and lacks sufficient 
contextual information. As such, it is unsuitable for placing hominin behavioral ecology within a 
resolved spatial and temporal framework. More recent zooarchaeological studies of Acheulean 




not only had access to large mammal carcasses but were often the primary agents of 
accumulation and modification.  
The following study is a comprehensive zooarchaeological analysis of the faunal remains 
from four recent, systematic excavations within the Elandsfontein dune field. Results suggest 
multiple agents of bone accumulation with varying degrees of hominin and carnivore activity 
distributed across the paleolandscape. Frequencies of hominin-induced butchery are higher (up to 
3.6% NISP) than reported for previously collected samples (<1% of limb surfaces). In addition, 
taphonomic analyses suggest that all carnivore and hominin damage frequencies are likely 
underestimates as these can be obscured by taphonomic processes related to aeolian deposition. 
These findings indicate that earlier zooarchaeological studies at Elandsfontein underestimate the 
degree of hominin contribution to the fossil assemblage and do not take into account the complex 
taphonomic history across the paleolandscape.  
 
Introduction 
The Early-Middle Pleistocene transition (ca. 1.2 – 0.5 Ma) represents a major climatic 
episode in Earth’s history in which low amplitude climate cycles were replaced by high 
amplitude cycles and accompanied by increasingly severe and prolonged cold/dry stages at ~940 
ka (Berger & Jansen, 1994; Head & Gibbard, 2005). These climatic changes coincide with 
important changes in human evolution including the extinction of Homo erectus in Africa and 
Europe, and the appearance of behaviorally and anatomically derived Middle Pleistocene 
hominins across the Old World (Blome et al., 2012). Unfortunately, our understanding of 
hominin foraging behavior in Africa during this transition has been limited by a lack of well-




Despite the fact that evidence of Early-Middle Pleistocene hominins has been uncovered across 
sub-Saharan Africa, our current understanding of landscape use and foraging behavior derives 
mainly from a relatively limited number of localities in East Africa [e.g., Olorgesailie, Olduvai 
Bed I and II, Koobi Fora, (Bunn, 1994; Sikes, 1994; Peters & Blumenschine, 1995; 
Blumenschine & Peters, 1998; Potts et al., 1999; Rogers et al. 1994)]. The aeolian sediments at 
Elandsfontein provide a rare opportunity to investigate Middle Pleistocene hominin foraging 
behavior in South Africa on a landscape scale (Braun et al., 2013a; 2013b).  Recent stable 
isotopic analysis of macromammal teeth suggests that ancient spring activity may have buffered 
Elandsfontein from regional mid-Pleistocene aridification (Lehmann et al., 2016). In addition, 
this locality lies within the unique Cape Floral Kingdom (CFK) and the Winter Rainfall Zone 
(WRZ), providing an opportunity to expand our understanding of hominin interactions with their 
environments.  
Although there is a long history of research at Elandsfontein, many previous studies have 
focused on materials collected from deflated surface horizons which have no spatial or temporal 
provenience. Initial survey and surface collections occurred between the 1950’s and 1990’s 
(Drennan, 1953; Singer, 1956; Singer and Crawford, 1958; Singer and Heltne, 1966; Klein, 
1978, Avery, 1989). Unfortunately, collection efforts focused primarily on well-preserved, easily 
identifiable specimens (Klein, 1988; Klein and Cruz-Uribe, 1991; Klein et al., 2007, Braun et al., 
2013a; 2013b).In the mid-1960’s, a series of excavations were undertaken in the southern part of 
the dune field, though only one (Cutting 10) has been fully described (Singer and Wymer, 1968; 
Deacon, 1998). In total, over 13,000 mammalian fossils were collected along with ~160 
Acheulean bifaces, thousands of flake tools, and associated flaking debris. This sample is 




curated in the Iziko South African Museum. The most notable discovery in the EFTM fossil 
sample was a hominin calvaria that has been variably classified as Homo rhodesiensis, 
‘‘archaic’’ H. sapiens, or H. heidelbergensis (Drennan, 1953; Singer, 1954; Rightmire, 1998, 
2001), and is referred to as the “Saldanha skull” (Drennan 1953, 1955; Singer 1954, 1958). 
Taphonomic, zooarchaeological, and paleoecological interpretations of the EFTM fauna have 
had an important influence on the perception of hominin foraging behavior in Africa during the 
Early-Middle Pleistocene (Milo, 1994; Klein, 1988; Klein and Cruz-Uribe, 1991; Klein et al., 
2007). Low frequencies of stone tool cutmarks [<1% of limb surfaces (Milo, 1994)] were taken 
as evidence that hominins had little impact on the mammalian community and limited ability to 
obtain large carcasses (Klein 1988).  
Starting in 2008, the West Coast Research Project (WCRP) began systematic excavations 
throughout the Elandsfontein dune field to better understand the relationship between early 
human behavior and paleoenvironment context. Excavations were located in various parts of the 
dune field across an area of nearly 4km
2
 and have exposed a large number of vertebrate fossils (n 
=~20,000) in primary association with artifacts (n =~3,800). Excavations focused on deflation 
hollows, referred to as “bays”, low areas between the modern sand dunes where the mid-
Pleistocene sediments are exposed by modern wind erosion. To date, there have been 15 major 
excavations in 9 bays. These recent efforts have provided a high resolution stratigraphic 
framework that allows for distinction between deflation deposits and those in primary context. 
Studies reveal that fossils at Elandsfontein are preserved in two distinct stratigraphic horizons 
(Fig. 2.1b). The majority of the fossils and all of the lithic material derive from a nodular layer in 
the Upper Pedogenic Sands. The older Calcareous Quartz Sands contain vertebrate and 




likely that the original EFTM faunal sample conflates fossils from both of these horizons (Braun 
et al., 2013a; 2013b).   
The current zooarchaeological study focuses on excavations from four bays: Bay 0710, Bay 
0209, Bay 0110, and Bay 0313 (Fig. 2.1a). These bays span the distance of the dune field 
research area and are considered to be representative of the entire buried land surface. All fossils 
in this study were recovered in situ, are thought to be in primary context, and are 
stratigraphically associated with the artifact bearing horizon in the Upper Pedogenic Sands. The 
main objectives of this study are to 1) determine the primary agents of fossil accumulation and 
modification, 2) establish the role that hominins played in the modification of carcasses, and 3) 
determine whether the activities of different bone modifying agents varied across the 
paleolandscape. We are aware of the complications in treating all bays as representatives of a 
single temporally comparable assemblage. Nonetheless, all of the fossils from the Upper 
Pedogenic fossil horizon come from a similar aeolian depositional context suggesting that they 
were deposited at the same time or several temporally contiguous points in time (Braun et al., 
2013b). 
 
Materials and methods  
Fossils were collected by the WCRP between 2008 and 2014 as part of archaeological 
and paleontological reconnaissance across the dunefield research area (see Braun et al., 2013a; 
2013b). Only materials that were excavated from the Upper Pedogenic fossil and artifact horizon 
were included in the following analyses.  The faunal sample consisted of all macromammal 
fossils >2 cm or identifiable (n = 3,919). Fossils were collected from Bay 0209 (n = 1,546), Bay 




recovered in situ (Fig. 2.1a, b).  Concentrations of fossils and artifacts (per cm
3
) were calculated 
for each excavation. Fossil size distribution was considered in order to assess post-depositional 
transport and/or destruction (Pobiner et al., 2008). All identifiable macromammal bones and 
teeth (n = 1,591), were assigned to taxon, size class, skeletal element, bone portion, and side, 
whenever possible with the assistance of comparative osteological collections at the Iziko South 
African Museum and University of Cape Town,  (Bunn, 1986; Marean, 1991).  
Measures of skeletal abundance include NISP (number of identifiable specimens), MNE 
(minimum number of elements), and MNI (minimum number of individuals) (Lyman 1994).  
MNE was calculated by examining individual bone specimens and considering taxonomic 
family, mammal size class, individual size, age, morphology, and overlap of homologous parts. 
MNE data were used to calculate MNI for each taxon. Skeletal part profiles were constructed to 
investigate bone survivorship and transport and are expressed as %MAU (minimum animal 
units) (Binford, 1984). Limb bones were separated into three categories: Proximal (humerus and 
femur), intermediate (radius and tibia), and distal (metacarpals and metatarsals) after 
Domı ́nguez-Rodrigo (1997a; 1997b). Patterns of proximal and distal limb end survival were used 
to approximate the degree of carnivore competition in different bays (after Faith and 
Behrensmeyer, 2006).  
We implemented a readability score to asses bone surface quality (after Ferraro, 2007). 
The readability score indicates the percentage of cortical surface that is in adequate condition to 
preserve surface damages (e.g. tooth marks, cutmarks). The following analyses include only 
those fossils in which 50% or more of the cortical surface was readable.  
Bone surfaces were examined using a 10x hand lens and digital microscope with variable 




Weathering stages were used to estimate the amount of time that bones were exposed on the land 
surface prior to burial (Behrensmeyer, 1978). In addition, fossils were inspected for stone tool 
cutmarks, hammerstone percussion marks, carnivore tooth marks, rodent gnawing, root etching, 
trampling marks, and signs of sedimentary abrasion.  
 
Results 
The concentrations of fossils and artifacts varied greatly between bays and both were 
exceptionally high at Bay 0209 (Table 2.1, Fig. 2.2). The majority of the fossils at Elandsfontein 
were heavily fragmented (Fig. 2.3) with predominantly dry breaks (Table 2.2). The fragmentary 
nature of the fossils suggests non-nutritive, density mediated destruction, and indicates a loss of 
zooarchaeological information from all bays analyzed.  
Weathering stages were generally low (Fig. 2.4). The vast majority of fossil surfaces 
were given a score of 2 or below (after Behrensmeyer, 1978). This indicates that burial occurred 
in less than six years across the entire paleolandscape. Burial occurred most rapidly at Bay 0313, 
predominantly in less than one year, with 82% of the fossils displaying no signs of weathering at 
all. 
Six hundred and sixty six large mammal fossils were identified to taxonomic family 
(Table 2.3, Fig. 2.5). Bovids dominated both the recently excavated material and the original 
EFTM faunal sample. Of the excavated samples, Bay 0209 had the highest overall MNI (n = 52) 
and was the only sample to contain suid and giraffid fossils. In contrast, Bay 0313 had the lowest 
MNI (n = 27) but exhibited the highest frequency of carnivores (19% MNI) including hyaenids, 
canids, and viverrids, and was the only primate bearing excavation (Theropithecus oswaldi). The 




includes several taxa, such as pangolin (Phataginus sp.) and dirk-toothed cat (Megantereon 
whitei), which have not been recovered in situ and were thus not included here. Hippopotamids 
were not recovered in the four excavations described in the current study but were included in 
the taxonomic analysis as they have been recovered in situ in other excavations (Bay 0909).  
All four bays contained a mix of small (size 1-2), medium (size 3-4), and large (size 5-6) 
fauna (Fig. 2.6) (Bunn, 1986). Medium-sized ungulates were most frequent, representing 
between 56.7% and 63.9% MNI per excavation. Fossil size class distribution at Bay 0313 
differed slightly from the other bays as it was the only excavation in which the frequency of 
small taxa (22.7%) exceeded the frequency of large taxa (18.2%). 
Bovid skeletal part profiles revealed an elevated frequency of high density elements 
across all bays and provide additional evidence of density mediated destruction. Overall, the 
frequencies of axial elements were relatively low compared to appendicular elements (Fig. 2.7). 
The frequencies of proximal, intermediate, and distal limb elements varied between bays (Fig. 
2.8). Bay 0209, Bay 0110, and Bay 0710 all exhibited relatively high frequencies of distal 
elements, followed respectively by intermediate and proximal elements. In contrast, Bay 0313 
exhibited relatively high frequencies of proximal elements and an even number of intermediate 
and distal elements.  
There is little evidence for competition between carnivores at Elandsfontein. 
Assemblages with minimal carnivore competition demonstrate an abundance of distal tibiae and 
distal radii and exhibit a positive correlation between bone mineral density and proximal and 
distal epiphyses (Faith and Behrensmeyer, 2006). The rationale behind this type of analysis is 
that certain limb ends are less desirable to consumers. If competition is low and carnivores have 




assemblage. Our results reveal a significant positive correlation between bone mineral density 
and limb end abundance in all bays. However, we cannot be certain that this correlation reflects 
carnivore induced bone destruction as sediment compaction and other non-nutritive density 
mediated damage may also results in preferential destruction of low density elements. 
Nonetheless, we also observe relatively high frequencies of distal tibiae and distal radii (Fig. 2.9) 
suggesting low ecological competitive pressure between carnivores across the landscape.  
Cortical surface readability at Elandsfontein is generally low, making bone surface 
damage difficult to recognize. The majority of fossils from the excavations had a readability 
score between 0% and 25% (Ferraro, 2007) and thus could not be incorporated into the analysis 
of surface damage patterns. In general, there was a positive correlation between surface 
readability and surface damage frequencies (Table 2.4, Fig. 2.10). Consequently, analyses of 
bone surface damage were restricted to fossils with 50% or higher surface readability (n = 874).  
Bone surface damage includes hominin produced stone tool cutmarks and hammerstone 
percussion marks, carnivore tooth marks, and porcupine gnaw marks (Fig. 2.11). Damage 
frequencies varied between bays and differed considerably from frequencies reported for the 
original EFTM faunal sample (Fig. 2.12). We subsequently combined zooarchaeological data 
from all four excavations and recalculated damage frequencies to see whether the combined 
frequencies more closely resembled those reported for the EFTM faunal collection (Fig. 2.12). 
The combined damage frequencies were remarkably similar to frequencies reported by Milo 
(1994) though hominin damage frequencies remained slightly higher in the excavated material. 
The disparity of hominin induced damage likely reflects the fact that we excluded specimens 
with low readability as they would tend to deflate damage frequencies. The striking similarity 




excavated materials highlights the fact that the EFTM faunal sample represents an amalgamation 
of sites with different levels of historical site integrity and resolution (sensu Binford 1981). Our 
results indicate that earlier behavioral interpretations at Elandsfontein (based on the EFTM 




The mid-Pleistocene deposits preserved in the Elandsfontein dune field represents a 
series of complex depositional and taphonomic contexts (Braun et al. 2013b). Previous faunal 
analyses of the surface collected materials (EFTM) do not have the necessary contextual 
information to parse out these complexities. Agents of bone modification at Elandsfontein 
include hominins, carnivores, and porcupines. Variation in the frequencies of the different types 
of bone surface modifications between bays suggests that these agents concentrated their 
activities in different parts of the landscape.  Bay 0209 and Bay 0313 reveal evidence of repeated 
occupation by hominins and/or carnivores while such activities appear to have occurred less 
frequently at Bay 0110 and Bay 0710. Evidence of hominin-induced bone damage is 
considerably more abundant in Bay 0209 (3.6% NISP) than previously recognized in the EFTM 
faunal sample [<1% of limb surfaces (Milo, 1994)]. The discrepancy between the excavated 
WCRP sample and the EFTM sample demonstrates the problems with conflating data from 
different contexts, especially contexts with varying degrees of evidence for hominin and 
carnivore activity.  
The fragmentary nature of the excavated fossil material indicates in situ bone breakage 




low and has likely suffered from sedimentary abrasion due to aeolian deposition, chemical 
processes due to soil activity, and perhaps sediment compaction. Together, these factors result in 
a loss of behavioral information and thus all calculations of bone surface damage are assumed to 
be underestimates.  
Artifact and fossil concentrations correlate broadly with hominin damage frequencies 
suggesting that some bays were visited repeatedly by hominins (Fig. 2.2, Fig. 2.12.). Bays with 
lower artifact and fossil concentrations likely represent places that hominins moved through but 
did not regularly conduct butchery activities. Artifact concentrations at Elandsfontein have also 
been demonstrated to correlate positively with δ13C in Bathyergus suillus tooth enamel, 
suggesting that intensity of hominin activity may be associated with the presence of C4 
vegetation in various parts of the landscape (Patterson et al., 2016).  
Hominin-induced bone damage is most frequent at Bay 0209. While the frequencies of 
hominin damage are comparatively low, they fall within the range reported for other Early Stone 
Age localities in Africa and the Middle East where hominins are thought to be the primary agents 
of carcass accumulation [Table 2.5 (Bunn & Kroll, 1986, Blumenschine, 1995, Monahan, 1996; 
Domı ́nguez-Rodrigo & Barba, 2006; Egeland & Domı ́nguez-Rodrigo, 2008; Pobiner et al., 2008; 
Rabinovich et al., 2012; Ferraro et al., 2013)]. Bay 0209 also has elevated concentrations of 
fossils and artifacts compared to the other bays (Fig. 2.2); supporting the idea that hominin 
activity was more intense in this part of the landscape. The faunal sample from Bay 0209 
contains a Pelorovis metacarpal and rhinoceros humerus with unambiguous cutmarks, indicating 
that hominins had access to large mammal carcasses on several occasions (Fig. 2.21e-10f). Tooth 




Bay 0209. Despite the juxtaposition of evidence of both of these agents, competition between 
carnivores appears to have been low in all bays (Fig. 2.9).  
 Carnivore and porcupine damage frequencies are highest at Bay 0313, indicating that 
both agents played an important role in modifying and perhaps transporting bones. While the 
frequency of porcupine damage exceeds that of carnivores, it is far below the 60% minimum 
seen in modern porcupine lairs (Maguire et al., 1980, Brain, 1981).  We know from modern and 
prehistoric hyena assemblages that it is common to find high frequencies of various types of 
carnivores in addition to hyenas. In such dens, the frequency of carnivore to ungulate remains is 
at least 20% while in hominin accumulations the frequency is typically about 10% (Cruz-Uribe, 
1991). The 19% carnivore frequency and diversity of carnivore fossils at Bay 0313 approach 
those in other known prehistoric  hyena accumulations in South Africa  such as Swartklip 1, 
Equus Cave, Sea Harvest, Elandsfontein bone circle, Deelpan, and Ysterfontein [ranging from 
24-42% (Northey, 1979; Scott & Klein, 1981; Klein, 1983; Cruz-Uribe, 1991)]. Bay 0313 also 
contains a considerably higher frequency of low density proximal limb elements, particularly 
distal humeri, than samples from the other three bays. Because limb bones increase in structural 
density from proximal to distal elements, disparity in limb element abundance between bays 
might reflect variation in bone preservation. Alternatively, proximal limb elements yield the 
highest nutritional values and thus higher frequencies at Bay 0313 might reflect preferential 
transport of those elements by carnivores (Domı ́nguez-Rodrigo, 1997). If carnivores, whose 
activities are most evident, were preferentially transporting smaller, more easily portable 
carcasses, it would also account for the higher frequency of small taxa at Bay 0313. Low 
frequencies of both artifacts and hominin-induced bone damage indicate that hominins played a 




stages indicate that the majority of bones at Bay 0313 were buried in under one year. This pattern 
is consistent with a carnivore den scenario that attracted both carnivores and porcupines.  
The fossil samples from Bay 0110 and Bay 0710 demonstrate comparatively little 
evidence of hominin or carnivore induced damage. Variation in bone damage frequencies 
between bays suggests that hominin and carnivore activities occurred more frequently in certain 
parts of the landscape. 
A very limited number of African Acheulean sites have been subject to the full suite of 
modern zooarchaeological analyses. Presently the best known reviews have been conducted at 
Elandsfontein (EFTM) and Duinefontein 2 in South Africa  as well Olduvai Gorge (Beds II, III, 
and IV) and Peninj (ST site complex) in Tanzania (Table 2.5). These localities range in age from 
approximately 1.6 Ma at Olduvai Gorge, HWK East, Bed II to between 500 and 250 Ka at 
Duinefontein 2. The lack of hominin-modified bones from Duinefontein 2 and the EFTM faunal 
sample has been interpreted as evidence that Acheulean hominins did not have regular access to 
large mammal carcasses and did not have a significant impact on the ecology of the landscapes 
they inhabited (Klein, 1978, 1982, 2000, 2009; Klein and Cruz-Uribe, 1991; Klein et al., 1999, 
2007; Milo, 1994).  In contrast, faunal remains from sites such as Olduvai Gorge and Peninj, 
Tanzania, preserve butchery marks with frequencies suggestive of primary access to carcasses 
[(Table 2.5) (Monahan, 1996; Egeland & Domı ́nguez-Rodrigo, 2008; Domı ́nguez-Rodrigo et al., 
2009; Pante, 2010)]. Hominins are also suggested to be the primary agents of bone accumulation 
at relatively contemporaneous localities such as Gesher Benot Ya’akov in Israel. At this locality, 
butchery marks have been recorded on several animals including extremely large mammals such 
as the straight-tusked elephant Palaeoloxodon antiquus (Rabinovich et al., 2012). The samples 




conclusions as to whether any of the newly excavated samples at Elandsfontein represent 
primary access by hominins. However we have observed evidence of large mammal butchery in 
considerably higher frequencies than previously reported.  
 
Conclusions  
Elandsfontein is one of the few African Acheulean localities where systematic 
taphonomic and zooarchaeological investigation have been undertaken. The current study reveals 
a more complex history of faunal accumulation and bone surface modification than had been 
recognized by the previously reported EFTM faunal sample (Milo 1994). Hominins, carnivores, 
and porcupines all played a significant part in site formation and the subsequent taphonomic 
alteration of assemblages. Importantly, this study documents that the frequency of activity by 
different bone modifying agents varied across the mid-Pleistocene landscape. Bay 0209 
preserves the highest concentration of hominin damage, suggesting that hominin butchering 
activity was common on this part of the landscape. Carnivores also repeatedly modified bones at 
Bay 0209. Despite the obvious ecological overlap between hominins and carnivores at this 
locality competition between carnivores and intensity of carnivore ravaging remained low in all 
bays. Carnivores appear to be the primary agents of bone accumulation at Bay 0313 though 
porcupines also played an important role in bone modification and perhaps accumulation as well. 
Rapid burial suggests that this bay may have contained a carnivore den. Bay 0110 and Bay 0710 
consist of low frequencies of all damage types and suggest that hominin and carnivore activity 
were sometimes disparate in parts of this ancient landscape.  
Damage frequencies at all bays are assumed to be underestimates given the fragmentary 




hominin-induced bone damage indicate that hominins at Elandsfontein had more frequent access 
to large mammal carcasses than suggested by previous studies. A growing number of 
zooarchaeological studies across Africa and the Middle East are developing a new perspective on 
the ecology of Acheulean hominins. It appears that hominins during the Middle Pleistocene 
frequently had early access to carcasses. In numerous cases, the mammals that Acheulean 
hominins were butchering were very large (>150kg).  These new insights corroborate many 
earlier suggestions that hominins begin to occupy a more substantial component of the mid-
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Table 2.1.  Volume and number of fossils and artifacts per excavation.  
 




In situ fossil  In situ artifacts  
Bay 0209  29,144  3,937 1,105 
Bay 0110  16,104  644 160 
Bay 0710 16,504 1,189 111 















Green break Indeterminate Both None 
Bay 0209 1,306 37 82 26 95 
Bay 0110 705 12 18 8 15 
Bay 0710 869 5 40 13 10 




Table 2.3. NISP (number of identifiable specimens), MNE (minimum number of elements), 
and MNI (minimum number of individuals) for each by large mammal taxon per 
excavation.  
 
Excavation Taxon  NISP MNE MNI 
Bay 0209 Bovidae Alcelaphini 6 6 2 
  Antilopini 1 1 1 
  Bovini 3 3 3 
  Hippotragini 1 1 1 
  Tragelaphini 2 2 1 
  Reduncini 1 1 1 
  Bovid indet. Size 1-2 16 15 4 
  Bovid indet. Size 3-4 41 41 8 
  Bovid indet. Size 5-6 6 4 1 
 Equidae  20 18 5 
 Giraffidae  1 1 1 
 Suidae  3 3 3 
 Rhinocerotidae  13 13 3 
 Elephantidae  1 1 1 
 Ungulate indet. Ungulate size 1-2 11 10 2 
  Ungulate size 3-4 48 41 8 
  Ungulate size 5-6 36 30 4 
 Carnivora Viverridae 1 1 1 
  Canidae 2 2 1 
  Felidae 1 1 1 





Bay 0110 Bovidae  Alcelaphini 1 1 1 
  Bovini 2 2 1 
  Hippotragini 1 1 1 
  Tragelaphini 3 3 1 
  Bovid indet. Size 1-2 6 6 1 
  Bovid indet. Size 3-4 57 55 11 
  Bovid indet. Size 5-6 11 11 3 
 Equidae  12 12 4 
 Rhinocerotidae  13 13 2 
 Elephantidae  1 1 1 
 Ungulate indet. Ungulate size 1-2 4 4 2 
  Ungulate size 3-4 50 47 8 
  Ungulate size 5-6 25 24 3 
 Total  186 180 39 
 
Bay 0710 Bovidae  Alcelaphini 7 7 1 
  Antilopini 2 2 1 
  Bovini 1 1 1 
  Hippotragini 1 1 1 
  Tragelaphini 4 4 2 
  Reduncini 1 1 1 
  Bovid indet. Size 1-2 5 5 3 
  Bovid indet. Size 3-4 58 54 10 
  Bovid indet. Size 5-6 9 9 2 
 Equidae  7 7 2 




 Elephantidae  1 1 1 
 Ungulate indet. Ungulate size 1-2 4 4 1 
  Ungulate size 3-4 61 59 4 
  Ungulate size 5-6 8 8 4 
 Carnivora Carnivore indet. 1 1 1 
 Total  189 179 37 
 
Bay 0313 Bovidae  Alcelaphini 1 1 1 
  Bovini 8 8 2 
  Neotragini 1 1 1 
  Bovid indet. Size 1-2 6 3 2 
  Bovid indet. Size 3-4 22 22 6 
  Bovid indet. Size 5-6 3 2 1 
 Equidae  4 4 2 
 Rhinocerotidae  4 4 1 
 Ungulate indet. Ungulate size 1-2 8 7 2 
  Ungulate size 3-4 9 9 3 
  Ungulate size 5-6 1 1 1 
 Carnivora Viverridae 4 4 1 
  Canidae 1 1 1 
  Hyaenidae 3 3 2 
 Cercopithecidae Theropithecus 2 1 1 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.7. Bovid skeletal elements stratified by %MAU (minimum animal units). MAU is 
calculated by standardizing MNE by the number of times that each element occurs in a 
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Figure 2.11a-h. Examples of bone surface damage observed in this study. a) Unidentified 
long bone shaft fragment with carnivore induced notch (note the gnaw marks surrounding 
the notch), b) Unidentified long bone shaft fragment with carnivore induced tooth pit, c) 
Small bovid calcanuem with carnivore induced tooth puncture and score, d) Unidentified 
long bone shaft fragment with carnivore induced tooth score (and several small tooth pits), 
e) Complete Pelorovis metacarpal with stone tool cutmarks, f) Rhinocerotidae distal 
humerus with stone tool cutmarks, g) Unidentified long bone shaft fragment with 
hammerstone induced percussion notch, h) Unidentified long bone shaft fragment with 
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Chapter 3. Ecomorphological Analysis of Bovid Radii, Astragali, 




The early middle Pleistocene represents an important time in human evolution. Global 
climatic events coincide with significant behavioral and anatomical changes in the hominin 
lineage. Intensive paleoenvironmental work in East Africa has provided a framework for 
understanding how climate change over the past million years has influenced hominin evolution 
(Maslin et al., 2014). Despite the fact that evidence of Early-Middle Pleistocene hominins has 
been uncovered across sub-Saharan Africa, little is still known about the environmental 
conditions experienced by contemporaneous hominins in South Africa. Increased regional 
aridity, along with the growth and speciation of the endemic Cape flora, are suggested to have 
presented hominins in South Africa with more difficult conditions than their counterparts in East 
Africa and may represent increased hominin ability to deal with harsh environments after 1 Ma 
(Klein, 2000).  The Acheulean locality of Elandsfontein, South Africa provides a rare 
opportunity to investigate Early-Middle Pleistocene hominin behavior within a high resolution 
stratigraphic and paleoenvironmental context. Recent isotopic studies suggest that Elandsfontein 
may have been buffered from regional aridification by the presence of ground fed springs. 
Permanent fresh water and an abundance of plant and animal resources may have provided 
hominins with a refuge against environmental fluctuations and resource instability in the 
surrounding Cape Floral Region (Braun et al., 2013; Patterson et al. 2016, Lehmann et al., 2016). 
In the current study, ecomorphological analysis of bovid postcrania is used to assess locomotor 
habits, and indirectly paleo-vegetation structure at Elandsfontein. Caliper measurements were 
collected on radii, astragali, and proximal phalanges of 822 extant African bovids. Logarithmic 
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transformations of measurements were subjected to discriminant function analysis (DFA). The 
DFA cross-validation analyses correctly classified 86%, 84%, and 87% of the radii, astragali, 
and proximal phalanges, respectively. Results suggest a mix of habitats including a 
predominantly open landscape with significant woody or bushy components. Vegetation cover 
during the early-middle Pleistocene differed from conditions seen in the region today and likely 
provided Early-Middle Pleistocene hominins with similar foraging conditions to C4 dominated 
grassland habitats in East Africa.  
 
Introduction 
The Early-Middle Pleistocene transition (ca. 1.2 – 0.5 Ma) represents a major shift in 
Earth’s climatic history, marked by increased amplitude in climatic cycles and more severe and 
prolonged cold/dry stages at ~940 ka (Berger and Jansen, 1994; Mudelsee and Stattegger, 1997; 
Head and Gibbard, 2005; Head et al., 2008). Several researchers have proposed a shift toward 
increased aridity and climate instability in Africa during this time (deMenocal, 1995; Maslin and 
Christensen, 2007; Trauth et al., 2009; Potts, 2013; Maslin et al., 2014). Marine sediments 
corroborate increases in African climate variability, coincident with the onset and intensification 
of high-latitude glacial cycles (deMenocal, 2004). These climatic changes coincide with 
important changes in human evolution including the extinction of Homo erectus in Africa and 
Europe, and the appearance of behaviorally and anatomically derived Middle Pleistocene 
hominins across the Old World (Blome et al., 2012). The development of the Acheulean stone 
tool complex during this time (∼1.76 million-100 thousand years ago) is often attributed to the 
appearance of African hominins with increased intellectual ability (larger absolute brain size) 
and larger body. Though little is still known about Acheulean hominin foraging patterns, these 
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technological changes are suggested to have been fueled by major behavioral and dietary shifts 
such as increased consumption of animal tissue and increased predatory behavior (Aiello and 
Wheeler, 1995; Klein, 2009; Milton, 1987; O’Connell et al., 1999; Pante, 2010; Ruff and 
Walker, 1993; Shipman and Walker, 1989).  
In recent years, there has been much progress in parsing out the effects of global climate 
variability and aridity on regional environments in East Africa (Potts, 1998, 2013; Maslin and 
Trauth, 2009; Trauth et al., 2010; Maslin et al., 2014; Tryon et al., 2014, 2015; Faith et al., 
2015). Nonetheless, there are still few well stratified localities in southern Africa that can 
provide information about concurrent ecosystems and faunal communities. Dust, pollen, and leaf 
wax records from marine cores and intensified upwelling of cold bottom waters in the Benguela 
Current System, have been linked with increased regional aridity in South Africa and growth of 
the endemic Cape flora beginning in the Miocene (Marlow et al., 2000; Dupont et al., 2005; 
2011; 2013; Etourneau et al., 2009). Pollen records indicate a decrease in the prevalence of grass 
in southwestern Africa and an increase in fynbos and semi-desert vegetation in response to 
increasing Pleistocene aridification (Dupont et al., 2005). Drier and cooler conditions in South 
Africa are suggested to have presented Early-Middle Pleistocene hominins with less desirable 
conditions than their counterparts in East Africa and may reflect increased hominin ability to 
deal with harsh environments after 1 Ma (Klein, 2000).  
The large faunal sample from Elandsfontein, South Africa (1Ma-600 ka) presents a rare 
opportunity to investigate paleoenvironmental conditions on the West Coast of South Africa 
during a poorly represented time in human evolution. There is a long history of research at 
Elandsfontein, though the majority of studies have focused on materials that were collected 
unsystematically from deflated surface horizons and have no spatial or temporal provenience. 
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The original faunal sample, collected between the 1950’s to the 1990’s, consists of over 20,000 
identified fossil specimens and is collectively referred to as “Elandsfontein Main” [(EFTM) 
(Klein, 1988; Klein et al., 2007)].  The EFTM sample consists of an extremely diverse 
mammalian fauna dominated by large browsing and grazing ungulates. The diversity and 
abundance of mammalian taxa in the EFTM faunal sample contrasts strongly with the faunal 
composition of the Cape Floral Region today. The dominant component of the Cape Floral 
Kingdom is the Fynbos Biome, a shrubland that occurs in the coastal region of South Africa. 
Today, the Elandsfontein region is dry and ecologically poor. The principal vegetation types are 
a mix of strandveld (beach shrubs, succulents, herbs, and daisies), renosterveld (grasses, shrubs, 
small tress, and perennials), and coastal fynbos, with grass making up only a minor component 
of the ecosystem (Rutherford and Westfall, 1986; Deacon and Lancaster, 1988). Geographic 
distribution of vegetation in South Africa is largely related to differences in seasonal 
precipitation patterns (Chase and Meadows, 2007).  In the winter rainfall zone (WRZ), the 
majority of precipitation falls between April and September. In contrast, the summer rainfall 
zone (SRZ), receives the majority of its rainfall between October and March. Today the West 
Coast region experiences predominantly winter rainfall and cool growing seasons (Luyt et al., 
2000).  
An abundance of grazing taxa in the EFTM faunal sample, including extinct zebra (Equus 
capensis), extinct long-horned buffalo (Syncerus antiquus), and several species of wildebeest and 
hartebeest (Alcelaphini) suggest a significant grassy component to the EFTM vegetation. There 
are also several, less well represented, browsing species including black rhinoceros (Diceros 
bicornis), kudu (Tragelaphus strepsiceros), and extinct short necked giraffe (Sivatherium 
maurusium) indicating woody or shrub vegetation. Limited palynological analysis of sediment 
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samples and hyena coprolites provide evidence of yellowwood (Podocarpus sp.), smalblad 
(Metrosideros sp.) Chenopodiaceae, indigenous acacia (Acacia sp.), marula (Schlerocarya sp.) 
and plumbago (Plumbago sp.) pollens (Singer and Wymer, 1968). Today, most of these species 
occur in highly productive bushveld-type environments (grassy plains dotted by dense clusters of 
trees and tall shrubs) with warm growing seasons (summer rainfall) and predominantly C4 
grasses. In contrast, isotopic analyses of EFTM ungulate tooth enamel and bones indicate that the 
EFTM environment was dominated by C3 vegetation and accumulated under a predominantly 
winter rainfall regime (Luyt et al., 2000). Taxonomic composition of the faunal assemblage 
suggests a grassy environment similar those seen today in north-eastern parts of Southern Africa 
(Mucina and Rutherford, 2006) with slightly more mesic conditions (Butzer, 1973; Klein and 
Cruz-Uribe, 1991; Klein, 2009). Nevertheless, mesowear studies indicate that many large 
mammals at Elandsfontein had dietary adaptations that are not expected based on their 
taxonomy. Higher frequencies of browsing indicate that the environment probably contained a 
slightly higher percentage of trees or broad-leaved bush than previously recognized (Stynder, 
2009). A wetter environment is supported by the presence of wasp tunnels in fossilized bones 
(Klein and  Cruz-Uribe, 1991) and water dependant species such as hippopotamus 
(Hippopotamus amphibious), clawless otter (Aonyx capensis), and reedbuck (Redunca 
arundinum).   
In 2008, the West Coast Research Project (WCRP) began systematic excavations at 
Elandsfontein to develop a more high resolution picture of the relationship between early human 
behavior and paleoenvironment context. Excavations were conducted across an area of nearly 
4km
2
 and have exposed a large number of vertebrate fossils (n =~20,000) in primary association 
with artifacts (n =~3,800). Thus far, there have been 15 major excavations focused on deflation 
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hollows between modern sand dunes, referred to as “bays” (Fig, 3.1a). The following study 
includes fossils from 12 bays. Geological analysis has provided a high resolution stratigraphic 
framework that allows for distinction between deflation deposits and those in primary context. 
Fossils at Elandsfontein are preserved in two distinct stratigraphic horizons (Fig. 3.1b). The 
majority of the fossils and all of the lithic material derive from a nodular layer in the Upper 
Pedogenic Sands. The older Calcareous Quartz Sands contain vertebrate and invertebrate fossils, 
but they are not abundant and are not associated with any artifacts. It is most likely that the 
original EFTM faunal sample conflates fossils from both of these horizons (Braun et al., 2013). 
Fynbos communities generally contain insufficient grass and fresh browse to sustain a 
high large mammal biomass, and potentially would have provided fewer hunting and/or 
scavenging opportunities relative to C4 dominated grasslands in East Africa, such as Olduvai 
Gorge and Peninj, Tanzania and Olorgesailie, Kenya (Pante, 2010, 2013; Sikes et al., 1999; 
Dominguez-Rodrigo et al., 2001).  Nonetheless, recent geological and paleoenvironmental 
studies suggest that Elandsfontein may have been buffered from regional mid-Pleistocene 
aridification by ancient spring deposits (Braun et al, 2013, Patterson et al., 2016; Lehmann et al., 
2016). An increase in δ
18
O values of surface water at Elandsfontein indicate a shift in hydrology 
from predominantly fluvial sources to a largely spring-fed system in the mid-Pleistocene 
(Lehmann et al, 2016).  C4 vegetation was present in the diets of some ungulates (Luyt et al., 
2000; Patterson et al., 2016; Lehmann et al., 2016), but appears to have been a relatively 
insignificant component of large herbivore diets [(0-35%) (Lehmann et al., 2016)]. In contrast, 
carbon isotopic analysis of micromammal dentition show higher frequencies (20 - 52%) of C4 in 
the diet, suggesting difference in the local vegetation at Elandsfontein compared to the 
surrounding arid Cape Floral Region (Patterson et al., 2016).   
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The current study uses bovid ecological morphology (ecomorphology) to assess the 
degree of vegetation cover at Elandsfontein during early hominin occupation. Ecomorphology 
allows researchers to explore the relationship between an organism’s functional morphology and 
ecological variables such as diet (Figueirido et al, 2010; 2013; Meloro et al., 2015), preferred 
habitat (Meloro and Louys, 2015), substrate use (Kappelman et al., 1997), and predator 
avoidance strategies (Meachen-Samuels and Van Valkenburgh, 2009). Unlike uniformitarian 
approaches, ecomorphology does not assume that extinct taxa inhabited the same range of 
habitats, or utilized the same plant resources, as their extant relatives. Instead, ecomorphic 
studies attempt to define a relationship between phenotypic characteristics (such as bone metrics) 
and habitat or dietary preferences in extant taxa. That relationship is then applied to fossils to 
interpret the habitat preferences of extinct taxa. Bovid ecomorphology only requires that fossils 
be identified to taxonomic family, which is useful given that postcranial elements are not 
frequently assigned to genus or species. However, this type of analysis is not completely “taxon-
free” as some functionally informative traits may demonstrate a strong phylogenetic signal. Thus 
phylogeny still needs to be taken into when interpreting ecomorphological data.  
The family Bovidae (Artiodactyla, Mammalia) is the most abundant taxon in the 
Elandsfontein fossil record and is used here to reconstruct the degree of vegetation cover at 
Elandsfontein during early hominin occupation. Bovids have proven indispensable for 
reconstructing paleo-habitats at early hominin localities (e.g., Gentry, 1970; Kappelman, 1984; 
Vrba, 1985; Shipman and Harris, 1988; Plummer and Bishop, 1994; Spencer, 1997; Plummer et 
al., 2008). They are speciose, with species being largely habitat specific, and exhibit a wide 
range of diversity in diets, habitat preferences, and morphological adaptations. In addition, they 
are extremely abundant in the African Plio-Pleistocene fossil record, and are numerous at most 
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early hominin localities (Gentry and Gentry, 1978). In general, bovids from open habitats have 
fewer obstacles to avoid on the ground and thus their morphology reflects highly cursorial 
adaptations. Movement of the joints is restricted to the anteroposterior plane, allowing the animal 
to move quickly in a relatively straight line.  In contrast, saltatorial (forest-adapted) morphology 
allows for rapid changes in direction, which is necessary for bovids that place obstacles between 
themselves and their predators while being pursued. The following study we explores 
morphological correlates to locomotor behavior in the distal end of the radius, the astragalus, and 
the proximal phalanx of fossil bovids from Elandsfontein, South Africa.  
 
Materials and methods 
Extant bovid sample 
Data used to create extant bovid habitat models were collected previously by Thomas W. 
Plummer, Laura C. Bishop, Julien Louys, and Fritz Hertel from collections at the American 
Museum of Natural History, New York, NY, the National Museum of Natural History, 
Washington, D.C., and The Natural History Museum, London, U.K. (Bishop et al., 2011). 
Caliper measurements were taken on 34 extant African bovid species (Table 3.1). Data were 
collected from a total of 822 specimens. Elements include complete astragali (following 
Plummer et al., 2015), complete proximal phalanges, and the distal end of the radius (Fig. 3.2-
3.4; Tables 3.2-3.4). Sample sizes varied among 313 for the proximal phalanges, 272 for the 
astragalus, and 234 for the distal radius (Table 3.1). Modern species were assigned to one of four 
habitat categories based on previous ecological studies (Scott 1979, 1985; Kappelman 1986, 
1988, 1991, Kappelman et al. 1997). The four categories used here are open (grassland, open 
country, arid country), light cover (light bush, tall grass, hilly areas), heavy cover (bush, 
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woodland) and forest (continuous tree canopy). Taxa from wetland environments (swamp, near 
water) were excluded from this study. Elements from the right side were used whenever possible 
and only adult specimens, lacking obvious pathologies, were included in the analysis. Wild shot 
specimens were used when possible (<5% zoo specimens). Logarithmic transformations of all 
measurements were subjected to discriminant function analysis (DFA). DFA is sensitive to small 
or imbalanced samples and may over perform if the number of individuals in a group is small 
relative to the number of predictor variables (Kovarovic et al., 2011, Evin et al., 2013). A subset 
of variables was selected from the original dataset using a manual experimental approach 
combined with the stepwise procedure in MYSTAT. To avoid over fitting, we ensured that the 
number of predictive variables did not exceed the sample size of the smallest habitat group 
(n=27). The number of variables required for accurate prediction varied among seven for the 
proximal phalanx and astragalus, and six for the radius.  
DFA uses two methods, resubstitution and cross-validation (jackknife), to generate 
classification matrixes and test the predictive value of data sets. Both methods require a-priori 
assignment of modern individuals into predetermined feeding categories. Resubstitution analysis 
uses all individuals in a given group to establish the morphological parameters of that group. 
Individuals are then removed from the groups, treated as unknown, and re-classified to the group 
that gives the minimal Mahalanobis distance to the group mean. Cross-validation analysis is 
similar to resubstitution analysis, except that each “unknown” individual is removed prior to 
defining the parameters of the group. Consequently, jackknife analysis does not use the same 
individuals to generate the model as it does to test the model, providing a more conservative 
estimate of classification success rates.  
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All modern bovid samples were examined for phylogenetic influence. A phylogenetic 
consensus tree was downloaded from 10K trees (Arnold et al. 2010) and visualized using 
FigTree v 1.3.1 (Rambaut and Drummond, 2010). Habitat preferences were examined by species 
to determine whether species were classifying with other members of their phylogenetic clade 
(i.e. whether phylogeny, rather than morphological adaptation, was driving the DFA analysis).  
Modern bovid samples were also tested for sensitivity to uneven taxonomic sampling. 
We conducted a “leave-one out” sensitivity test by removing taxa with disproportionately large 
samples sizes (n >10) and recalculating classification success rates for the remaining taxa 
(Walmsley et al., 2012). Sample size was considered a confounding factor if jackknife 
classification success rates dropped below 50% after removing a particular species from the 
analysis. 
 
Fossil bovid sample 
 A total of 47 fossils from the WCRP excavations were examined including 19 radii, 19 
astragali, and 9 proximal phalanges. Due to small sample size, elements from different bays were 
combined and treated as a single sample. All fossils were excavated by the WCRP between 2008 
and 2014. The sample included only fossils that were stratigraphically associated with the upper 
pedogenic sand horizon and thus reflect paleoenvironmental conditions during early hominin 
occupation. Fossils were assigned to habitat categories using the DFA models described above.  
 
Results  
Distal radius results 
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The DFA resubstitution classification success matrix demonstrates that individuals were 
classified correctly 88% of the time. Using jackknife analysis, overall accuracy of the model 
dropped to 86% with the largest drop in success rates (3%) in the heavy cover category (Table 
3.5; Fig. 3.5). One species had misclassification rates greater than 50%. Seventy two percent of 
Sylvicapra grimmia were classified to forest rather than light cover by DFA (Table 3.6). 
Jackknife classification success rates never dropped below 50% for any habitat category when 
tested for sensitivity to uneven taxonomic sampling (Table 3.7). The majority of the fossils 
classified as heavy cover (53%). The remaining fossils were classified as open (37%), and light 
cover (11%) (Table 3.12).  
 
Astragalus results 
The DFA resubstitution classification success matrix demonstrates that individuals were 
classified correctly 88% of the time. Using jackknife analysis, overall accuracy of the model 
dropped to 84% with the largest drop in success rates (12%) in the heavy cover category (Table 
3.5; Fig. 3.6). No species had misclassification rates greater than 50% (Table 3.8). The sample 
was tested for sensitivity to uneven taxonomic sampling. Jackknife classification success rates 
never dropped below 50% for any habitat category when tested for sensitivity to uneven 
taxonomic sampling (Table 3.9). The majority of the fossils classified as open (79%). The 
remaining fossils were classified as heavy cover (11%), light cover (5%), and forest (5%) (Table 
3.12).  
 
Proximal phalanx results 
   
85 
  
The DFA resubstitution classification success matrix demonstrates that individuals were 
classified correctly 90% of the time. Using jackknife analysis, overall accuracy of the model 
dropped to 87% with the largest drop in success rates (8%) in the heavy cover category (Table 
3.5; Fig. 3.7). Three species had classification success rates below 50% (Table 3.10). Gazella 
thomsonii were initially classified to the open habitat category but 86.7% were misclassified by 
DFA to the light cover category. Kobus kob was assigned to the light cover habitat category but 
75% were misclassified to the open habitat. Finally, Kobus ellipsiprymnus were assigned to 
heavy cover but were misclassified to open 75% of the time. The sample was tested for 
sensitivity to uneven taxonomic sampling (Table 3.11). Jackknife classification success rates 
never dropped below 50% for any habitat category. The majority of the fossils classified as open 
(89%). The remaining fossils were classified as heavy cover (11%) (Table 3.12). 
 
Combined fossil results 
 Overall, the majority of fossil specimens (64%) indicate adaptations to open habitats 
(Table 3.13).  All four habitat types are represented, to varying degrees, in the Elandsfontein 
fossil sample. From Bay 0109 (n=4), 50% of the fossils classified as heavy cover, 25% classified 
as light cover, and 25% as open. From Bay 0110 (n=5), 60% of the fossils classified as open, 
20% classified as light cover, and 20% as heavy cover. From Bay 0112 (n=2), 100% classified as 
open. From Bay 0209 (n=3), 100% classified as open. The single fossil radius from Bay 0210 
classified as heavy cover. From Bay 0309, the single fossil astragalus classified as open. One 
hundred percent of the fossils from Bay 0313 (n=2) classified as open. From Bay 0509 (n=4), 
50% of the fossils classified as open and 50% classified as heavy cover. The single astragalus 
from Bay 0510 classified as open. From Bay 0609 (n=9), 56% fossils classified as open, 33% 
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classified as heavy cover, and 11% classified as forest. From Bay 0710 (n=12), 75% classified as 
open, and 25 % classified as heavy cover. From Bay 0909 (n=3), one individual classified as 
open, one individual classified as light cover, and one individual classified as heavy cover.  
 
Discussion 
 In the family Bovidae, functionally informative traits often demonstrate a strong 
phylogenetic signal and thus it is necessary to test DFA models for phylogenetic influence. As 
noted in other ecomorphologic studies (Louys et al., 2013; Plummer et al., 2015; Elton et al., 
2016), it is not always desirable to remove variables that covary with phylogeny if it can be 
demonstrated that phylogeny is not driving the ecomorphic analysis. One species in the distal 
radius model, Sylvicapra grimmia, is likely influenced by phylogeny (Fig. 3.8). However, there 
were several examples, for each element, in which species were assigned habitat categories that 
differed from the other species in their clade, and were still classified correctly by DFA. This 
demonstrates that while one species may be influenced by phylogeny, the DFA classifications as 
a whole are not unduly driven by phylogeny.  Nor were the DFA models disproportionately 
influenced by overrepresented species. It is thus reasonable to assume that overall DFA success 
rates reflect morphological adaptations to different habitats.  
Bovids at Elandsfontein predominantly display adaptations for locomotion in open 
habitats (Fig. 3.9). There is also a relatively high frequency of heavy cover representation with 
fewer adaptations to light cover and forest habitats. When fossil bays are examined individually, 
we see some variation between habitat signals. However, due to small sample sizes, elements 
from different excavations were pooled for this analysis Thus, proportional representation of 
different habitats and spatial distribution of plant resources is impossible to ascertain. Results 
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support previous reconstructions suggesting a substantial grassy component containing dense 
patches of trees and/or shrubs, unlike the modern Fynbos environment. This is in general 
agreement with recent carbon isotopic studies indicating a mix of C3 and C4 vegetation with more 
vegetative diversity at Elandsfontein relative to the surrounding Cape Floral Region (Luyt et al, 
2000; Patterson et al., 2016; Lehmann et al., 2016).  Results support previous hypotheses 
suggesting that ground-fed water at Elandsfontein may have provided an ecological buffer 
against the arid Cape Floral environment. This resource rich landscape likely presented a unique 
opportunity that attracted hominins and other mammals to this locality.  
Results for the distal radius model differ from the astragalus and proximal phalanx 
models in that the majority of the fossils exhibit adaptations for heavy cover rather than open 
habitats. If the majority of the fossil radii come from a more heavily wooded part of the 
landscape, that could explain the variation in habitat preferences between elements. But once 
again, given the limited number of fossils from each bay, we are hesitant to speculate about the 
distribution of plant resources. Alternatively, the discrepancy may reflect variation in locomotor 
function of the forelimbs and hindlimbs during quadrupedal movement. The forelimbs are 
designed to catch the body weight during propulsive locomotion and thus produce the net 
breaking force. The hindlimbs, on the other hand, are designed to propel the body up and drive 
the trunk forward producing the net propulsive force. Because the hindlimbs generate the 
majority of the power, they are assumed to more accurately reflect locomotor behavior (Dutto et 
al., 2006).  
 Given the taphonomic evidence for density mediated destruction at Elandsfontein 
(Forrest et al., 2015; chapter 2 of this dissertation) there is a bias toward size 3 and 4 bovids in 
the WCRP fossil assemblage. This bias could potentially, effect the reliability of using habitat 
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preference as a simple proxy for resource availability as animals in forest habitats tend to be 
smaller  than those in open habitats (Bishop et al., 2011). However, we can say with relative 
certainty that there were a mix of habitats at Elandsfontein with open grasslands comprising a 
major component of the Elandsfontein landscape. 
Many of the well studied Early-Middle Pleistocene hominin localities in East Africa 
occurred in C4 dominated grasslands. At Olduvai Gorge, Tanzania, a shift to semi‐arid conditions 
is evident after the deposition of Bed II deposits between 1.3‐ 0.62 Ma. Oxygen isotopes indicate 
a mean annual rainfall of less than 800 mm compared with 800‐1000 mm during earlier Bed I 
and II times. Carbon isotopes indicate a dominance of C4 grasses, comprising between 60% and 
80% of the vegetation biomass (Cerling and Hay, 1986). The faunal assemblage is dominated by 
grazers, including a bovid assemblage comprised of nearly 80% Alcelaphini. Acheulean deposits 
at Peninj, Tanzania (ca. 1.5 Ma) also indicate a predominantly C4 dominated grassland habitat. 
Palynological samples contain Typha and Cyperaceae (sedges) pollen, indicating local 
freshwater swamps. At the landscape scale, vegetation at Peninj is interpreted as savanna 
grassland, with scarce patches of shrubs and trees (Dominguez-Rodrigo et al., 2001). At 
Olorgesailie, Kenya (ca. 0.99 Ma), carbon isotopic composition of paleosol carbonates from 
Member 1 indicate that the area supported a local biomass of about 75–100% C4 plants. A high 
percentage of grazers in the mammalian faunal assemblage provide strong evidence that grasses 
were the primary vegetation type at Olorgesailie. Although Elandsfontein was dominated by C3 
rather than C4 grasses, the paleo-vegetation structure and large mammal composition appear 
similar to those described from contemporaneous hominin localities in East Africa. Hominin 
occupation at Elandsfontein was likely driven by a complex combination of lithic and food 
resource availability (Archer and Braun, 2010; Braun et al., 2013; Patterson et al., 2016; 
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Lehmann et al., 2016). Consistent access to fresh water along with a wide diversity of plants and 
large mammal resources likely presented hominins with a refuge from the surrounding arid and 
ecologically unstable Cape Floral Region. Despite evidence for regional aridity and resource 
instability, Elandsfontein likely presented hominins with comparable foraging opportunities to 
hominins in other grassland habitats across Africa.  
The paleoenvironmental reconstruction presented here has important implications for 
hominin behavioral ecology.  The spatial and temporal availability of plant resources affects the 
presence of large ungulates as well as the abundance of predators. Competition in open habitats 
is suggested to be high compared to riparian habitats (Kruuk, 1972; Schaller, 1972; Sinclair, 
1979; Blumenschine, 1986). Carnivores preferentially establish their ecological niches in open 
habitats because such habitats contain the greatest part of the savanna herbivore biomass (Foster 
and Kerney, 1967; Rudnai, 1973; Western, 1973; Sinclair, 1979; Dominguez-Rodrigo; 1994). 
Competition is also enhanced in open habitats by better visibility (Cavallo, 1998). 
Zooarchaeological analysis reveals evidence for large mammal butchery at Elandsfontein 
(Forrest et al., 2015; chapter 2 of this dissertation) and given the diversity of large carnivores at 
this locality, it appears that hominins had already begun to occupy a more substantial component 
of the carnivore paleoguild by this time (Rogers et al. 1994; Monahan 1996). 
 
Conclusions 
Ecomorphological analysis at Elandsfontein suggests a mix of habitats during Early-
Middle Pleistocene hominin habitation, including a predominantly open landscape with 
significant woody or bushy components. Vegetation cover during the early-middle Pleistocene 
differed from conditions seen in the region today and contrasts strongly with the arid and 
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unpredictable ecological conditions expected for the Cape Floral Region. Despite the evidence 
for regional aridification, permanent fresh water and high large mammal biomass appears to have 
provided hominins at Elandsfontein with similar foraging opportunities to their counterparts in 
East Africa. Open grassland habitats, such as those at Elandsfontein, would have presented 
Early-Middle Pleistocene hominins with a significant amount of competition from predators and 
evidence for large mammal butchery suggests that hominins at Elandsfontein occupied a 






















Aiello, L. C., & Wheeler, P. (1995). The expensive-tissue hypothesis: the brain and the digestive 
system in human and primate evolution. Current anthropology, 36(2), 199-221. 
 
Archer, W., & Braun, D. R. (2010). Variability in bifacial technology at Elandsfontein, Western 
cape, South Africa: a geometric morphometric approach. Journal of Archaeological Science, 
37(1), 201-209. 
 
Arnold, C., Matthews, L.J., Nunn, C.L., (2010).  The 10kTrees website: a new online resource 
for primate phylogeny. Evol Anthropol 19, 114–118. 
 
Berger, W. H., & Jansen, E. (1994). Mid‐Pleistocene Climate Shift‐The Nansen Connection. The 
polar oceans and their role in shaping the global environment, 295-311. 
 
Bishop, L. C., Plummer, T. W., Hertel, F., & Kovarovic, K. (2011). Paleoenvironments of 
Laetoli, Tanzania as determined by antelope habitat preferences. In Paleontology and geology of 
Laetoli: Human evolution in context (pp. 355-366). Springer Netherlands. 
 
Blome, M. W., Cohen, A. S., Tryon, C. A., Brooks, A. S., & Russell, J. (2012). The 
environmental context for the origins of modern human diversity: a synthesis of regional 
variability in African climate 150,000–30,000 years ago. Journal of Human Evolution, 62(5), 
563-592. 




Blumenschine, R. J. (1986). Carcass consumption sequences and the archaeological distinction 
of scavenging and hunting. Journal of Human Evolution, 15(8), 639-659. 
 
Braun, D. R., Levin, N. E., Stynder, D., Herries, A. I., Archer, W., Forrest, F., Roberts, D. L., 
Bishop, L.C., Matthews, T., Lehmann, S.B., Pickering, R., & Fitzsimmons, K.E., (2013). Mid-
Pleistocene hominin occupation at Elandsfontein, Western Cape, South Africa. Quaternary 
Science Reviews, 82, 145-166. 
 
Butzer, K. W. (1973). Re-evaluation of the geology of the Elandsfontein (Hopefield) site, south-
western Cape, South Africa. South African Journal of Science, 69(234), 8. 
 
Cavallo, J. A. (1998). Tree-cached leopard kills and early hominid foraging strategies: an 
actualistic study (Doctoral dissertation, Ph. D. Thesis, Rutgers University, New Brunswick). 
 
Cerling, T. E., & Hay, R. L. (1986). An isotopic study of paleosol carbonates from Olduvai 
Gorge. Quaternary Research, 25(1), 63-78. 
 
Chase, B. M., & Meadows, M. E. (2007). Late Quaternary dynamics of southern Africa's winter 
rainfall zone. Earth-Science Reviews, 84(3), 103-138. 
 
Deacon, J., & Lancaster, N. (1988). Late Quaternary palaeoenvironments of southern Africa. 
Clarendon press. 




deMenocal, P. B. (1995). Plio-Pleistocene African climate. Science (New York, NY), 270(5233), 
53-59. 
 
deMenocal, P. B. (2004). African climate change and faunal evolution during the Pliocene–
Pleistocene. Earth and Planetary Science Letters, 220(1-2), 3-24. 
 
Domı ́nguez-Rodrigo M. (1994). El origen del comportamiento humano. Madrid: Tipo. 
 
Dominguez-Rodrigo, M., Serrallonga, J., Juan-Tresserras, J., Alcala, L., & Luque, L. (2001). 
Woodworking activities by early humans: a plant residue analysis on Acheulian stone tools from 
Peninj (Tanzania). Journal of Human Evolution, 40(4), 289-299. 
 
Dupont, L. M., Donner, B., Vidal, L., Pérez, E. M., & Wefer, G. (2005). Linking desert evolution 
and coastal upwelling: Pliocene climate change in Namibia. Geology, 33(6), 461-464. 
 
Dupont, L. M., Linder, H. P., Rommerskirchen, F., & Schefuß, E. (2011). Climate‐driven 
rampant speciation of the Cape flora. Journal of Biogeography, 38(6), 1059-1068. 
 
Dupont, L. M., Rommerskirchen, F., Mollenhauer, G., & Schefuß, E. (2013). Miocene to 
Pliocene changes in South African hydrology and vegetation in relation to the expansion of C 4 
plants. Earth and Planetary Science Letters, 375, 408-417. 
 
   
94 
  
Dutto, D. J., Hoyt, D. F., Clayton, H. M., Cogger, E. A., & Wickler, S. J. (2006). Joint work and 
power for both the forelimb and hindlimb during trotting in the horse. Journal of Experimental 
Biology, 209(20), 3990-3999. 
 
Etourneau, J., Martinez, P., Blanz, T., & Schneider, R. (2009). Pliocene–Pleistocene variability 
of upwelling activity, productivity, and nutrient cycling in the Benguela region. Geology, 37(10), 
871-874. 
 
Evin, A., Cucchi, T., Cardini, A., Vidarsdottir, U. S., Larson, G., & Dobney, K. (2013). The long 
and winding road: identifying pig domestication through molar size and shape. Journal of 
Archaeological Science, 40(1), 735-743. 
 
Faith, J. T., Tryon, C. A., Peppe, D. J., Beverly, E. J., Blegen, N., Blumenthal, S Chritz, K.L., 
Driese, S.G., &  Patterson, D. (2015). Paleoenvironmental context of the Middle Stone Age 
record from Karungu, Lake Victoria Basin, Kenya, and its implications for human and faunal 
dispersals in East Africa. Journal of human evolution, 83, 28-45. 
 
Figueirido, B., & Soibelzon, L. H. (2010). Inferring palaeoecology in extinct tremarctine bears 
(Carnivora, Ursidae) using geometric morphometrics. Lethaia, 43(2), 209-222. 
 
Figueirido, B., Tseng, Z. J., & Martín‐Serra, A. (2013). Skull shape evolution in durophagous 
carnivorans. Evolution, 67(7), 1975-1993. 
 
   
95 
  
Forrest, F.L., Stynder, D.D., Bishop, L.C., Levin, N.E., Matthews, T., & Braun, D.R., (2015). 
Zooarchaeological analysis of newly excavated Middle Pleistocene deposits from Elandsfontein, 
South Africa. Paleoanthropology Annual Meeting Abstracts. San Francisco, CA. 
 
Foster, J. B., & Kearney, D. (1967). Nairobi National Park game census, 1966. African Journal 
of Ecology, 5(1), 112-120. 
 
Gentry, A. W. (1970). The Bovidae (Mammalia) of the fort ternan fossil fauna. Fossil 
vertebrates of Africa, 2, 243-323. 
 
Gentry, A. W., & Gentry, A. (1978). Fossil Bovidae (Mammalia) of Olduvai Gorge, Tanzania. 
British Museum (Natural History). 
 
Head, M. J., & Gibbard, P. L. (2005). Early-Middle Pleistocene transitions: an overview and 
recommendation for the defining boundary. Geological Society, London, Special Publications, 
247(1), 1-18. 
 
Head, M. J., Pillans, B., & Farquhar, S. A. (2008). The Early-Middle Pleistocene transition: 
characterization and proposed guide for the defining boundary. Episodes, 31(2), 255-259. 
 
Kappelman, J. (1984). Plio-Pleistocene environments of Bed I and Lower Bed II, Olduvai Gorge, 
Tanzania. Palaeogeography, Palaeoclimatology, Palaeoecology, 48(2), 171-196. 
 
   
96 
  
Kappelman, J. (1986). Plio-Pleistocene marine-continental correlation using habitat indicators 
from Olduvai Gorge, Tanzania. Quaternary Research, 25(2), 141-149. 
 
Kappelman, J. (1988). Morphology and locomotor adaptations of the bovid femur in relation to 
habitat. Journal of Morphology, 198(1), 119-130. 
 
Kappelman, J. (1991). The paleoenvironment of Kenyapithecus at Fort Ternan. Journal of 
Human Evolution, 20(2), 95-129. 
 
Kappelman, J., Plummer, T., Bishop, L., Duncan, A., & Appleton, S. (1997). Bovids as 
indicators of Plio-Pleistocene paleoenvironments in East Africa. Journal of Human Evolution, 
32(2), 229-256. 
 
Klein, R. G. (1988). The archaeological significance of animal bones from Acheulean sites in 
southern Africa. African Archaeological Review, 6(1), 3-25. 
 
Klein, R. G. (2000). The Earlier Stone Age of southern Africa. South African Archaeological 
Bulletin, 55(172), 107-122. 
 
Klein, R. G. (2009). The human career: human biological and cultural origins. University of 
Chicago Press. 
 
   
97 
  
Klein, R. G., & Cruz-Uribe, K. (1991). The bovids from Elandsfontein, South Africa, and their 
implications for the age, palaeoenvironment, and origins of the site. African Archaeological 
Review, 9(1), 21-79. 
 
Klein, R. G., Avery, G., Cruz-Uribe, K., & Steele, T. E. (2007). The mammalian fauna 
associated with an archaic hominin skullcap and later Acheulean artifacts at Elandsfontein, 
Western Cape Province, South Africa. Journal of Human Evolution, 52(2), 164-186. 
 
Kovarovic, K., Aiello, L. C., Cardini, A., & Lockwood, C. A. (2011). Discriminant function 
analyses in archaeology: are classification rates too good to be true? Journal of Archaeological 
Science, 38(11), 3006-3018. 
 
Kruuk, H. (1972). Surplus killing by carnivores. Journal of Zoology, 166(2), 233-244. 
 
Lehmann, S.B., Braun, D.R., Dennis, K.J., Patterson, D.B., Stynder, D.D., Bishop, L.C., Forrest, 
F. and Levin, N.E. (2016). Stable isotopic composition of fossil mammal teeth and 
environmental change in southwestern South Africa during the Pliocene and Pleistocene. 
Palaeogeography, Palaeoclimatology, Palaeoecology 457, 396-408.  
 
Luyt, J., Lee-Thorp, J. A., & Avery, G. (2000). New light on Middle Pleistocene west coast 
environments from Elandsfontein, Western Cape Province, South Africa. South African Journal 
of Science, 96(7). 
 
   
98 
  
Marlow, J. R., Lange, C. B., Wefer, G., & Rosell-Melé, A. (2000). Upwelling intensification as 
part of the Pliocene-Pleistocene climate transition. Science, 290(5500), 2288-2291. 
 
 
Maslin, M. A., & Christensen, B. (2007). Tectonics, orbital forcing, global climate change, and 
human evolution in Africa: introduction to the African paleoclimate special volume. Journal of 
human evolution, 53(5), 443-464. 
 
Maslin, M. A., & Trauth, M. H. (2009). Plio-Pleistocene East African pulsed climate variability 
and its influence on early human evolution. In The First Humans–Origin and Early Evolution of 
the Genus Homo (pp. 151-158). Springer Netherlands. 
 
Maslin, M. A., Brierley, C. M., Milner, A. M., Shultz, S., Trauth, M. H., & Wilson, K. E. (2014). 
East African climate pulses and early human evolution. Quaternary Science Reviews, 101, 1-17. 
 
Meachen‐Samuels, J., & Van Valkenburgh, B. (2009). Forelimb indicators of prey‐size 
preference in the Felidae. Journal of Morphology, 270(6), 729-744. 
 
Meloro, C., Clauss, M., & Raia, P. (2015). Ecomorphology of Carnivora challenges convergent 
evolution. Organisms Diversity & Evolution, 15(4), 711-720. 
 
   
99 
  
Meloro, C., & Louys, J. (2015). Ecomorphology of radii in Canidae: Application to fragmentary 
fossils from Plio-Pleistocene hominin assemblages. Acta Palaeontologica Polonica, 60(4), 795-
806. 
 
Milton, K. (1987). Primate diets and gut morphology: implications for hominid evolution. Food 
and evolution: toward a theory of human food habits, 93-115. 
 
Monahan, C. M. (1996). New zooarchaeological data from Bed II, Olduvai Gorge, Tanzania: 
implications for hominid behavior in the Early Pleistocene. Journal of Human Evolution, 31(2), 
93-128. 
 
Mucina, L., & Rutherford, M. C. (2006). The vegetation of South Africa, Lesoto and Swaziland. 
Strelitzia 19. South African National Biodiversity Institute, Pretoria. Memoirs of the Botanical 
Survey of South Africa. 
 
Mudelsee, M., & Stattegger, K. (1997). Exploring the structure of the mid-Pleistocene revolution 
with advanced methods of time-series analysis. Geologische Rundschau, 86(2), 499-511. 
 
O’Connell, J. F., Hawkes, K., & Jones, N. B. (1999). Grandmothering and the evolution of 
Homo erectus. Journal of Human Evolution, 36(5), 461-485. 
 
   
100 
  
Pante, M. C. (2010). The larger mammal fossil assemblages from Beds III and IV, Olduvai 
Gorge, Tanzania: Implications for the feeding behavior of Homo erectus. Rutgers –New 
Brunswick.  
 
Pante, M. C. (2013). The larger mammal fossil assemblage from JK2, Bed III, Olduvai Gorge, 
Tanzania: implications for the feeding behavior of Homo erectus. Journal of human evolution, 
64(1), 68-82. 
 
Patterson, D. B., Lehmann, S. B., Matthews, T., Levin, N. E., Stynder, D., Bishop, L. C., & 
Braun, D. R. (2016). Stable isotope ecology of Cape dune mole-rats (Bathyergus suillus) from 
Elandsfontein, South Africa: Implications for C 4 vegetation and hominin paleobiology in the 
Cape Floral Region. Palaeogeography, Palaeoclimatology, Palaeoecology. 
 
Plummer, T. W., & Bishop, L. C. (1994). Hominid paleoecology at Olduvai Gorge, Tanzania as 
indicated by antelope remains. Journal of Human Evolution, 27(1), 47-75. 
 
Plummer, T. W., Bishop, L. C., & Hertel, F. (2008). Habitat preference of extant African bovids 
based on astragalus morphology: operationalizing ecomorphology for palaeoenvironmental 
reconstruction. Journal of Archaeological Science, 35(11), 3016-3027. 
 
Plummer, T. W., Ferraro, J. V., Louys, J., Hertel, F., Alemseged, Z., Bobe, R., & Bishop, L. C. 
(2015). Bovid ecomorphology and hominin paleoenvironments of the Shungura Formation,  
lower Omo River Valley, Ethiopia. Journal of human evolution, 88, 108-126. 




Potts, R. (1998). Variability selection in hominid evolution. Evolutionary Anthropology: Issues, 
News, and Reviews, 7(3), 81-96. 
 
Potts, R. (2013). Hominin evolution in settings of strong environmental variability. Quaternary 
Science Reviews, 73, 1-13. 
 
Rambaut, A., & Drummond, A. (2010). FigTree v1. 3.1 Institute of Evolutionary Biology. 
University of Edinburgh. 
 
Rogers, M. J., Harris, J. W., & Feibel, C. S. (1994). Changing patterns of land use by Plio-
Pleistocene hominids in the Lake Turkana Basin. Journal of Human Evolution, 27(1), 139-158. 
 
Rudnai, J. (1973). Reproductive biology of lions (Panthera leo massaica Neumann) in Nairobi 
National Park. African Journal of Ecology, 11(3‐4), 241-253. 
 
Ruff, C. B., & Walker, A. (1993). Body size and body shape. The Nariokotome Homo erectus 
skeleton, 234-265. 
 
Rutherford, M.C.,Westfall, R.H. (1986). Biomes of southern Africa—an objective 
categorization. Memoirs of the Botanical Survey of South Africa 54, 1–98. 
 
   
102 
  
Schaller, G. B. (2009). The Serengeti lion: a study of predator-prey relations. University of 
Chicago Press. 
 
Scott, K. (1979). Adaptation and allometry in bovid postcranial proportions. (Doctoral 
dissertation, Ph. D. dissert., Yale Univ., New Haven, Connecticut). 
 
Scott, K. M. (1985). Allometric trends and locomotor adaptations in the Bovidae. Bulletin of the 
American Museum of Natural History (USA). 
 
Shipman, P., & Harris, J. M. (1988). Habitat preference and paleoecology of Australopithecus 
boisei in Eastern Africa. Evolutionary history of the “robust” australopithecines, 343-381. 
 
Shipman, P., & Walker, A. (1989). The costs of becoming a predator. Journal of Human 
Evolution, 18(4), 373-392. 
 
Sikes, N. E., Potts, R., & Behrensmeyer, A. K. (1999). Early Pleistocene habitat in Member 1 
Olorgesailie based on paleosol stable isotopes. Journal of Human Evolution, 37(5), 721-746. 
 
Sinclair, A.R.E. (1979). The eruption of the ruminants. In: Serengeti: Dynamics of an Ecosystem 
(eds Sinclair, A.R.E. & Norton-Griffiths, M.). University of Chicago Press, Chicago, pp. 82–
103. 
 
   
103 
  
Singer, R., & Wymer, J. (1968). Archaeological investigations at the Saldanha skull site in South 
Africa. The South African Archaeological Bulletin, 23(91), 63-74. 
 
Spencer, L. M. (1997). Dietary adaptations of Plio-Pleistocene Bovidae: implications for 
hominid habitat use. Journal of Human Evolution, 32(2), 201-228. 
 
Stynder, D. D. (2009). The diets of ungulates from the hominid fossil-bearing site of 
Elandsfontein, Western Cape, South Africa. Quaternary Research, 71(1), 62-70. 
 
Trauth, M. H., Larrasoaña, J. C., & Mudelsee, M. (2009). Trends, rhythms and events in Plio-
Pleistocene African climate. Quaternary Science Reviews, 28(5), 399-411. 
 
Trauth, M.H., Maslin, M.A., Deino, A.L., Junginger, A., Lesoloyia, M., Odada, E.O., Olago, 
D.O., Olaka, L.A., Strecker, M.R. & Tiedemann, R. (2010). Human evolution in a variable 
environment: the amplifier lakes of Eastern Africa. Quaternary Science Reviews, 29(23), 2981-
2988. 
 
Tryon, C.A., Faith, J.T., Peppe, D.J., Keegan, W.F., Keegan, K.N., Jenkins, K.H., Nightingale, 
S., Patterson, D., Van Plantinga, A., Driese, S. and Johnson, C.R. (2014). Sites on the landscape: 
paleoenvironmental context of late Pleistocene archaeological sites from the Lake Victoria 
Basin, equatorial East Africa. Quaternary International, 331, 20-30. 
 
   
104 
  
Vrba, E. S. (1985). Ecological and adaptive changes associated with early hominid evolution. 
Ancestors: The Hard Evidence. Alan R. Liss, New York, 63-71. 
 
Walmsley, A., Elton, S., Louys, J., Bishop, L. C., & Meloro, C., (2012). Humeral epiphyseal 
shape in the felidae: the influence of phylogeny, allometry, and locomotion. Journal of 
morphology 273, 1424-1438. 
 
Western, D. (1973). Cyclical changes in the habitat and climate of an East African ecosystem. 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
124 
  
Table 3.13. Classification and size class for fossils from Elandsfontein. Results are separated by 
excavation Bay.  
 
Excavation  Element Size class  Habitat 
Bay 0109 Radius  3A Light cover 
Radius  1 Heavy cover 
Astragalus  2 Open 
Astragalus  3A Heavy cover 
Bay 0110 Phalanx  4 Open 
Phalanx  5 Open 
Radius  3B Heavy cover 
Radius  3B Light cover 
Astragalus  3B Open 
Bay 0112 Phalanx  3B Open 
Astragalus  4 Open 
Bay 0209 Phalanx  3B Open 
Radius  2 Open 
Astragalus  3B Open 
Bay 0210 Radius  3B Heavy cover 
Bay 0309 Astragalus  3B Open 
Bay 0313 Astragalus  4 Open 
Astragalus  3A Open 
Bay 0509 Radius  3B Heavy cover 
Astragalus  4 Open 
Astragalus  3B Open 
Astragalus  3A Heavy cover 
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Bay 0510 Astragalus  3B Open 
Bay 0609 Radius  5 Heavy cover 
Radius  3A Open 
Radius  1 Heavy cover 
Radius  4 Heavy cover 
Radius  4 Open 
Radius  3A Open 
Astragalus  1 Forest 
Astragalus  3B Open 
Astragalus  3B Open 
Bay 0710 Phalanx  4 Open 
Phalanx  4 Open 
Phalanx  4 Open 
Phalanx  3A Heavy cover 
Phalanx  4 Open 
Radius  5 Open 
Radius  3B Heavy cover 
Radius  4 Open 
Radius  3B Heavy cover 
Astragalus  3A Open 
Astragalus  3B Open 
Astragalus  5 Open 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.5. Canonical scores plot for measurements taken on the distal end of bovid radii 
(n=234). 
 






































































































































































































































































Chapter 4. New Method for Conducting Ecomorphological Analysis Using 3D Geometric 





 The study presents a new method for conducting bovid ecomorphological analysis 
(ecomorphology) using 3D geometric morphometrics (3D GM). Ecomorphology conventionally 
relies on qualitative assessment or caliper measurements of fossils to make inferences about 
habitat preferences.  However, this process can be improved upon by utilizing techniques, such 
as 3D geometric morphometrics, to quantify three dimensional shape variations. Landmark data 
were collected on three elements including the mandible, metacarpal and metatarsal of extant 
African bovids. Mandible morphology was utilized as a predictor of dietary preference. Forty 
landmarks were collected on complete hemi-mandibles. This was reduced to a subset of 18 
landmarks, concentrated on the mandibular corpus. Metapodial morphology was used to predict 
locomotor behavior and infer habitat preference. Forty four landmarks were collected on 
complete metacarpals and 52 landmarks on complete metatarsals. Both metapodial models were 
reduced to a subset of 20 landmarks, concentrated on the distal epiphyses. Mandible and 
metapodial landmark data were subjected to generalized procrustes (GPA), principle components 
(PCA), and discriminant function analyses (DFA).  DFA jackknife (cross-validation) analysis 
resulted in success rates of 95%, 94%, and 93% for complete mandibles, metacarpals, and 
metatarsals, respectively. When models were reduced, success rates dropped to 87% for the 




success rates performed considerably better than almost all DFA models based on caliper 
measurements and worked better on smaller bone fragments. Reduced landmark data sets were 
tested on incomplete bovid fossils from Elandsfontein, South Africa (1Ma-600 ka). Fossil 
mandibles predominantly classified with modern fresh grass grazers (37.5%) and the predicted 
diets of fossil species were comparable to predictions based on mesowear and stable carbon 
isotopic analysis. Fossil metacarpals primarily classified with modern forest dwelling species 
(64.3%) while metatarsals predominantly classified with modern bovids from light cover habitats 
(50%). Results are consistent with previous habitat reconstructions at Elandsfontein suggesting a 
mix of habitats with significant grass, tree, and/or shrub components. 
 
Introduction  
Ecomorphology allows researchers to explore the relationship between an organism’s 
functional morphology and ecological variables such as diet (Figueirido and Soibelzon, 2010; 
Figueirido et al 2013; Meloro et al., 2015), preferred habitat (Meloro and Louys, 2014), substrate 
use (Kappelman et al., 1997), and predator avoidance strategies (Meachen-Samuels and Van 
Valkenburgh, 2009). Traditionally, ecomorphology has relied on qualitative assessment (Gentry, 
1970; Degusta and Vrba, 2005) or linear (caliper) measurements (e.g. Kappelman, 1988; 
Plummer and Bishop, 1994; Kappelman et al., 1997; Kovarovic et al., 2002; Degusta and Vrba, 
2003; Palmqvist et al., 2003; Bishop et al., 2011). Such analyses have proven useful, but can be 
improved upon by utilizing techniques, such as 3D GM, which reflect broader three dimensional 
shape variations (Rohlf and Marcus, 1993; Adams et al., 2004; Figueirido et al., 2009). This 




African antelopes and utilizes a recently described technique for determining dietary adaptations 
in bovid mandibles (Forrest and Plummer, in review). 
Unlike uniformitarian approaches, ecomorphology does not assume that extinct taxa 
inhabited the same range of habitats, or utilized the same plant resources, as their extant 
relatives. Instead, ecomorphic studies attempt to define a relationship between phenotypic 
characteristics and habitat or dietary preferences. Bovid ecomorphology only requires that fossils 
be identified to taxonomic family, which is useful given that postcranial elements are not 
frequently assigned to genus or species. However, this type of analysis is not completely “taxon-
free” as some clades may illustrate a phylogenetic bias toward particular environments (Barr and 
Scott, 2013; Louys et al., 2013; Scott and Barr, 2014; Barr, 2014, 2015).  Several researchers 
suggest testing the degree of phylogenic influence on the predictive model, rather than discarding 
variables that exhibit a strong phylogenetic signal (Louys et al. 2013; Elton et al., 2016; 
Plummer et al. 2015).  
Similar concerns have been raised regarding the effect of body size variation on 
ecomorphological analyses. Klein et al., (2010) questioned the validity of traditional 
ecomorphological approaches suggesting that such approaches are disproportionately influenced 
by body size variation. The authors concluded that discriminant function analysis, intended to 
distinguish between metapodials from bovids preferring different habitats, would often 
misclassify similarly-sized taxa. Nevertheless, several researchers suggest that the allometric 
component of size retains important functional information and thus should not be removed, but 
corrected for isometric scaling (Walmsley et al., 2012, Elton et al., 2016). In the current study 
generalized procrustes analysis (GPA) was used to remove isometric size variation from the 




Landmark data were used to test functional hypotheses related to diet and locomotion in 
extant African bovids.  In general, browsers eat mainly soft leafy tree shrub and fruits while 
grazers eat predominantly fresh grass and roughage. Variations in biomechanical and chemical 
properties of leaves and grasses result in selection for different feeding adaptations in browsers 
and grazers (Janis, 1988; Solounias and Dawson-Saunders, 1988; Spencer, 1995a, b; Reed, 1996; 
Spencer, 1997). Similarly, studies of bovid metapodial morphology reveal correlates to habitat 
preference (Köhler, 1993; Plummer and Bishop, 1994; Scott, 1979, 1985, Scott, 2004; Scott and 
Barr, 2014). Bovids from open habitats have fewer obstacles to avoid on the ground and their 
morphology reflects highly cursorial adaptations. Movement of the joints is restricted to the 
anteroposterior plane, allowing the animal to move quickly in a relatively straight line.  In 
contrast, saltatorial (forest-adapted) morphology allows for rapid changes in direction, which is 
necessary for bovids that place obstacles between themselves and their predators while being 
pursued. The following functional hypotheses were tested in this study: 
 
Mandible hypotheses 
1. Muzzle/cropping mechanism  
Edible leaves tend to occur in isolated clusters surrounded by low quality plant tissues 
(Short, 1971; Segelquist et al., 1972; Milchunas et al., 1978; Demment and van Soest, 1985) and 
plants containing toxic and/or unpalatable secondary compounds (Freeland and Janzen, 1974; 
Rhoades and Cates, 1976; Cates and Rhoades, 1977; Rosenthal and Janzen, 1979; Owen-Smith, 
1982). As a result, browsing taxa have adaptations in the cropping mechanism (muzzle) that 
allow them to be more discerning while foraging. This includes a rounder incisor arcade, 




Owen-Smith, 1985; Gordon and Ilius, 1988; Janis and Ehrhardt, 1988; Solounias and Meolleken, 
1993; Janis, 1995; MacFadden and Shockey, 1997). Grazing taxa tend to have wider and flatter 
muzzles, although fresh grass grazers typically have narrower muzzles than dry grass grazers 
(Janis and Ehrhardt, 1988).   
 
2. Molar wear resistance / hypsodonty / mandible depth  
Grasses generally don’t produce secondary compounds (Cooper and Owen- Smith, 1986), 
but they contain rigid microscopic silica structures known as phytoliths and are thus more 
abrasive and harder to chew than leafy vegetation (MacFadden and Shockey, 1997). As a result, 
grazers require a greater amount of wear resistance in their molars. In general, grazers have 
hypsodont (tall) molars, while browsers have more brachydont (short) dentition (Janis, 1988). 
Landmark data are expected to reflect greater craniocaudal depth in the mandibular corpus of 
grazing taxa compared to browsing taxa. 
 
3.  Cheek tooth row reduction / chewing mechanics  
Grazing species tend to chew their food more posteriorly and have reduced mesiodistal 
length in the molar and premolar rows. This brings the food closer to the fulcrum of the mandible 
and increases the amount of occlusal pressure applied to the plant material during mastication 
(Solounias and Dawson-Saunders, 1988). Landmark data are predicted to reflect mesiodistally 
reduced cheek teeth in grazing taxa.  
 




The requirement for increased occlusal pressure in grazers leads to a larger masseter 
muscle. The larger area of attachment for the masseter profundus creates a fuller outline on the 
posterior margin of the mandibular ramus above the gonial angle, while the large masseter 
superficialis attachment fills out the ventral margin below the gonial angle. In contrast, the 
posterior and ventral borders of the mandibular ramus are concave in browsers (Solounias and 
Dawson-Saunders, 1988).  
 
5. Inferred temporalis size/length of coronoid process  
The coronoid process is involved in the generation of bite force and serves as the 
effective moment arm of the temporalis muscle. A muscle with a small moment arm needs to 
produce more force to generate the same torque as a muscle with a larger moment arm. Species 
with tougher diets, such as grazers, require higher bite force and thus have longer coronoid 
processes than browsing taxa (Solounias and Dawson-Saunders, 1988). 
 
Metapodial hypotheses 
1. Lateral mobility of the metapodial-phalangeal articulation 
 Bovids are known to splay their phalanges to maintain limb stability on difficult 
substrates such as those in forest habitats (Köhler, 1993). The distal metapodials are therefore 
characterized by less “railed” morphology and less restricted lateral movement of the phalanges.  
Open adapted species are predicted to have more pronounced ridging on the distal articular 
surface. This provides more stability in the joint and prevents metapodial-phalangeal joint 
disarticulation during cursorial locomotion (Scott, 2004). Open adapted species are also 




characteristic has not been published but has been consistently observed by the authors. This 
flaring is thought to help reduce mediolateral joint stress while turning at high speeds. Being 
highly cursorial, open adapted species would require greater mediolateral stress resistance than 
saltatorial animals.  
 
2. Resistance to bending in the sagittal and transverse planes 
 Landmark data are predicted to reveal greater mediolateral midshaft diameter and 
reduced cranio-caudal length in closed adapted species [(i.e. shorter, wider diaphyses) (Scott, 
1979; 1985; Swartz, 1993; Scott, 2004)].  A wider diaphysis helps to resist transverse bending in 
more difficult habitats. Since sagittal bending is likely to be most exaggerated during rapid 
locomotion in open habitats (Kappelman, 1988), open adapted species are predicted to have 
taller, thinner metapodial diaphysis. Elongate limbs help to resist greater loads in the sagittal 
plane and increase stride length in cursorial animals (Hildebrand, 1985).  
  
The large faunal sample and long history of paleoenvironmental research at 
Elandsfontein, South Africa (1Ma-600 ka) makes it an ideal locality for testing new 
ecomorphological methods. The fragmentary nature of the Elandsfontein fauna limits the number 
of fossils that are complete enough for traditional ecomorphological analysis. 3D GM is helpful 
in this regard because it captures more detailed shape variation than conventional caliper 
measurements and can be applied to smaller bone fragments. The initial Elandsfontein faunal 
sample, collected between the 1950’s to the 1990’s, consists of over 20,000 identified fossil 
specimens and is collectively referred to as “Elandsfontein Main” [(EFTM) (Klein, 1988; Klein 




contextual information. In 2008, the West Coast Research Project (WCRP) began systematic 
excavations at Elandsfontein to examine the relationship between early human behavior and 
paleoenvironment context. Excavations were conducted across an area of nearly 4km
2
 and have 
exposed a large number of vertebrate fossils (n =~20,000) in primary association with artifacts (n 
=~3,800). Thus far, there have been 15 major excavations focused on deflation hollows between 
modern sand dunes, referred to as “bays” (Fig, 4.1). The following study includes fossils from 
both the original EFTM fossil collection as well as the more recent WCRP excavations.  
 
Materials and methods  
Homologous coordinates (landmarks) were recorded using a Microscribe G2X digitizer 
(Immersion Corp.) on extant bovid mandibles, metacarpals, and metatarsal from collections at 
the American Museum of Natural History (New York, NY) and the National Museum of Natural 
History (Washington, DC). The right side was used whenever possible and only adults (i.e. fully 
erupted dentition and fused epiphyses) were digitized.  Individuals with obvious pathologies 
were excluded, and whenever possible specimens were sampled equally across the sexes, as 
some species in museum collections have a male bias.  Wild-shot animals were preferentially 
chosen for this analysis, (<5% zoo specimens). Morphology of modern specimens was used to 
classify fossils to feeding and locomotor categories using multivariate analysis.  
 
Extant mandible sample 
We analyzed hemi-mandibles (n=389) from 35 extant African bovid species (Table 4.1) 
using a 40 landmark protocol (Fig 4.2A-B, Table 4.2). Landmarks were chosen to capture the 




Sponheimer et al. (1999), and observed by the authors. Modern individuals with known dietary 
preferences were assigned to one of five trophic categories prior to multivariate analysis. 
Categories follow Sponheimer et al. (1999) and include: 1) grazing [(G) (grasses from secondary 
grasslands)], 2) fresh grass grazing [(FG) (floodplain or wetland grasses)], 3) mixed feeding-
preferring grass (MF-G), 4) mixed feeding-preferring browse (MF-B), and 5) browsing (B).   
 
Fossil mandible sample 
An 18 landmark subset, focused on the mandibular corpus, was selected to assign diets to 
fossilized and incomplete mandibles (Table 4.2). The mandibular corpus is the most robust and 
generally best preserved portion of the mandible from archeological and paleontological 
contexts. The fossil sample consisted of 16 bovid mandibles. The majority of this sample (n=13) 
derives from the EFTM faunal collection at the Iziko South African museum. The remaining 
fossils were collected by the WCRP from Bay 0109 (n=2) and Bay 0209 (n=1).  
 
Extant metapodial samples 
We examined metacarpals (n=178) from 25 species of extant African bovids, using a 44 
landmark protocol, and metatarsals (n=192) from 28 species, using a 52 landmark protocol 
(Tables 4.1 and 4.3, Fig. 4.3-4.5). Landmarks were chosen to capture the morphological variation 
described by Scott (1982) Kappelman (1986, 1988, 1991), Plummer and Bishop (1994), Scott 
(2004, 2014), Plummer et al. (2016) and observed by the authors. Modern individuals with 
known habitat preferences were assigned to one of four habitat categories. Categories follow 




(light bush, tall grass, hilly areas), heavy cover (bush, woodland) and forest (continuous tree 
canopy). Taxa from wetland environments (swamp, near water) were excluded from this study.  
 
Fossil metapodial samples 
A 20 landmark subset, focused on the distal epiphyses, was selected in order to assign 
habitat categories to fossilized and incomplete metapodials (Table 4.3-4.4). The distal epiphysis 
is one of the most robust and functionally informative portions of the bovid metapodial 
(Plummer and Bishop, 1994). All metapodial fossils in this study derive from the excavated 
WCRP faunal collection. The fossil sample consists of 14 distal metacarpals recovered from 
Bays 0109 (n=3), 0209 (n=2), 0609 (n=4), 0309 (n=2), 0509 (n=1), and 0510 (n=2) and 12 distal 
metatarsals recovered from Bays 0209 (n=1), 0710 (n=3), 0609 (n=4), 0309 (n=1), 0509 (n=2), 
and 0909 (n=1).  
 
Multivariate analysis 
Modern landmark data were submitted to Generalized Procrustes (GPA), Principal 
Components (PCA), and Discriminant Function analyses (DFA). Statistical analyses were 
performed using the software packages Morphologika2 v. 2.5 (O’Higgins and Jones, 1998; 2006) 
and MYSTAT v. 12 (Hale, 1992).  
GPA serves to remove any information from the raw coordinates that is unrelated to 
shape, by optimally superimposing, translating, rotating, and uniformly scaling all of the objects 
in the sample. Procrustes coordinates were submitted to PCA. Eigen values provide a measure of 
the variance accounted for by the corresponding eigenvectors (components). Components with 




1986). The data set was reduced to two variables (the two most significant components), and 
individuals were plotted to show the degree of shape variation between groups. Wireframes were 
generated to visualize shape change between selected principle components.   
DFA was computed on PC scores to test the predictive value of landmark sets and assign 
fossils to feeding and habitat categories. DFA uses two methods, resubstitution and jackknife, to 
generate classification matrixes and test the predictive value of landmark sets. Both methods 
require a-priori assignment of modern individuals into predetermined feeding categories. 
Resubstitution analysis uses all individuals in a given group to establish the morphological 
parameters of that group. Individuals are then removed from the groups, treated as unknown, and 
re-classified to the group that gives the minimal Mahalanobis distance to the group mean. 
Jackknife analysis is similar to resubstitution analysis, except that each “unknown” individual is 
removed prior to defining the parameters of the group. Unlike resubstitution analysis, jackknife 
analysis does not use the same individuals to generate the model as it does to test the model, 
providing a more conservative estimate of classification success rates. DFA produces a scatter 
plot of specimens along the two first canonical axes. These axes are linear combinations of the 
original variables, and Eigen values indicate the amount of variation explained by each axis.  
DFA is sensitive to small or imbalanced sample sizes and may over perform if the 
number of individuals in a group is small relative to the number of predictor variables 
(Kovarovic et al., 2011, Evin et al., 2013). DFA models were tested for sensitivity to uneven 
taxonomic sampling using a “leave-one-out” sensitivity analysis (Walmsley et al., 2012). This is 
done by individually removing over represented taxa (n >10) and recalculating classification 
success rates. Sample size was considered a confounding factor if jackknife classification 




ensured that the number of predictive variables did not exceed the sample size of the smallest 
feeding (mandible; n=30) or habitat groups (metacarpal; n=26, metatarsal n=24). To reduce the 
number of variables, we used a stepwise procedure and selected PC axes that optimized 
jackknife classification success rates (Sheets et al., 2006, Curran, 2009; 2012; Bishop et al., 
2011). The 40 landmark and 18 landmark mandible DFA protocols utilized 19 and 16 PC 
variables, respectively. The 44 landmark and 20 landmark metacarpal DFA protocols utilized 9 
and 7 variables, respectively. The 52 landmark and 20 landmarks metatarsal DFA protocols 
utilized 13 and 11 variables, respectively. 
A phylogenetic consensus tree was downloaded from 10K trees (Arnold et al. 2010) and 
visualized using FigTree v 1.3.1 (Rambaut and Drummond, 2010). Dietary and habitat 
preferences were examined by species to determine the effect of phylogenetic influence on 
classification success rates (Fig. 4.6-4.7).  
 
Results 
Complete mandible results 
The PCA demonstrates considerable shape variation between feeding groups, with 
dietary groups forming a continuum from browsers to grazers along PC1 (Fig. 4.8). Browsers 
score negatively on PC1 while grazers score positively. From negative to positive (browsing to 
grazing), the muzzle widens mediolaterally when viewed from the superior plane (Fig. 4.9). In 
lateral view, the muzzle becomes wider and flatter in the superoinferior plane and the mandibular 
symphysis becomes inferiorly depressed. The mandibular corpus deepens in the superoinferior 
dimension as the molars increase in hypsodonty. The corpus also becomes shorter 




behind and below the gonial angle fill out and become less concave as the size of the masseter 
muscle increases and the coronoid process lengthens to create a larger moment arm for the 
temporalis muscle (Fig. 4.10). PC1 accounts for 45.76% of the variation in the sample. From 
negative to positive on PC2, the mandibular condyle and coronoid process move anteriorly, the 
gonial angle projects farther posteriorly, the mandible becomes more bowed, and the cheek teeth 
become more widely spaced.  PC2 accounts for 12.53% of the variation in the sample. Both PCs 
are statistically significant according to the Joliffe cut off value (10.05%). Successive PCs 
yielded scores below the Joliffe cut off value and are thus not figured here. 
The DFA resubstitution classification success matrix (Table 4.5a) classified mandibles 
correctly 96% of the time. Overall jackknife classification success rates dropped 1% and success 
rates for individual feeding categories never dropped more than 3% (Table 4.5b). Two species, T. 
spekei and R .fulvorufula had misclassification rates greater than 50% (Table 4.6).  DFA success 
rates did not drop below 50% in any feeding category when tested for sensitivity to uneven 
taxonomic sampling (Table 4.7).  
 
Mandibular corpus results  
Fossil data were added to the PCA, using a reduced 18 landmark protocol (Fig. 4.11). 
The reduced landmark set resulted in greater overlap between groups but maintained the same 
continuum on PC1. From negative to positive (browse to graze) on PC1, the wireframe indicates 
a deepening of the mandibular corpus and more mesiodistally compressed spacing of the cheek 
teeth (Fig. 4.12). PC1 accounts for 38.6% of the variation in the sample. Moving positively on 
PC2, the mandibular corpus widens toward the mandibular symphysis and the angle between the 




sample. Both PCs are statistically significant according to the Joliffe cut off (1.91%). Successive 
PCs did not yield any functionally informative results and were thus not figured here. 
The DFA resubstitution and jackknife classification models yielded lower success rates 
(88% and 87%, respectively) than the complete mandible (40 landmarks) model. Again, DFA 
success rates never dropped more than 3% between the resubstitution and jackknife models 
(Table 4.8). Six species, including T. spekei, R. fulvorufula, N. moschatus, T. strepciseros, H. 
niger, and H. equinus had misclassification rates greater than 50% (Table 4.9). The DFA model 
was tested for sensitivity to uneven taxonomic sampling. Success rates in the MF-B category 
dropped from 70% to 27% when R. campestris was removed from the analysis (Table 4.10).  
Fossil mandibles predominantly classified with the FG category (37.5%). The remaining fossils 
classified as MF-G (18.8%), B (18.8%), MF-B (12.5%), and G (12.5%) (Table 4.11).  
 
Complete metacarpal results 
PCA results are mixed on PC1 and do not demonstrate any clear separation between 
habitat categories (Fig. 4.13). Light cover and forest species fall positively while heavy cover 
and open species are spread across this principal component. Gazella thomsonii clusters 
positively with the light cover species while the rest of the open habitat species scored 
negatively. In the heavy cover category Tragelaphus imberbis and Tragelaphus strepsiceros 
score positively with the forest and light cover categories while Tragelaphus euryceros and 
Kobus ellipsiprymnus score negatively on PC1. From negative to positive, the entire bone 
becomes taller and more slender. PC1 accounts for 62.2% of the variation in the sample.  Habitat 
categories separate more clearly on PC2. Forest and heavy cover categories score positively 




forest), the shaft widens mediolaterally relative to epiphyses and mediolateral flaring decreases 
in the distal condyles (Fig. 4.14). PC2 accounts for 7.1% of the variation in the sample. Both PCs 
had percentages above the Joliffe cut off value (2.5%) and are considered statistically significant. 
Successive PCs did not yield any functionally informative results. 
The DFA resubstitution classification success matrix classified complete metacarpals 
correctly 97% of the time (Table 4.12a). Overall jackknife classification results dropped to 94% 
(Table 4.12b).  The largest drop (8%) was in the forest category. No species had 
misclassification rates greater than 50% (Table 4.13). Success rates did not drop below 50% in 
any habitat category when tested for sensitivity to uneven taxonomic sampling (Table 4.14).  
 
Distal metacarpal results 
Fossil data were added to the PCA, using a reduced 20 landmark protocol (Fig. 4.15). 
The reduced landmark set resulted in greater overlap between habitat categories. Once again, 
categories were mixed on PC1 with no clear distinction between habitats. From negative to 
positive, the distal epiphysis narrows cranio-caudally and widens mediolaterally. PC1 accounts 
for 31.4% of the variation in the sample. On PC2, forest and heavy cover species score positively 
and open and light cover species score negatively. From negative to positive (open to forest), 
mediolateral flaring in the distal condyles becomes reduced. Ridging also becomes less 
pronounced and the articular surface becomes slightly more compressed cranio-caudally (Fig. 
4.16). PC2 accounts for 16.5% of the variation in the sample. Both PCs had percentages above 
the Joliffe cut off value (0.8%) and are considered statistically significant. Successive PCs did 




The DFA resubstitution classification success matrix classified specimens correctly 88% 
of the time (Table 4.15a). Using jackknife classification, overall accuracy of the model dropped 
to 82% (Table 4.15b).  The largest drop (12%) was once again in the forest category. Two 
species, R. campestris and Kobus ellipsiprymnus, had misclassification rates greater than 50% 
(Table 4.16). Success rates did not drop below 50% in any habitat category when tested for 
sensitivity to uneven taxonomic sampling (Table 4.17). Fossils mostly classified as forest 
(64.3%), the remaining fossils classified as light cover (21.4%), heavy cover (7.1%), and open 
(7.1%) (Table 4.24).  
 
Complete metatarsal results 
PCA results are mixed on PC1 (Fig. 4.17). Light cover and forest species score 
negatively while heavy cover and open species are spread across this principal component. Once 
again, G. thomsonii scored negatively with light cover while the remaining open habitat species 
scored positively. T. imberbis scored negatively with forest adapted species while the remaining 
heavy cover species scored positively. From negative to positive, we see mediolateral expansion 
of the entire bone. PC1 accounts for 55.4% of the variation in the sample. On PC2, forest and 
heavy cover species score positively and open and light cover score negatively. From negative to 
positive (open to forest), shaft widens mediolaterally relative to epiphyses. Once again we see a 
reduction in mediolateral flaring of the distal condyles (Fig. 4.18). PC2 accounts for 5.9% of the 
variation in the sample. Both PCs had percentages above the Joliffe cut off value (1.9%) and are 





The DFA resubstitution classification success matrix classified specimens correctly 97% 
of the time (Table 4.18a). Overall jackknife classification results dropped to 93% (Table 4.18b).  
The largest drop (10%) was in the forest category. One species, Antidorcas marsupialis, had 
misclassification rates greater than 50% (Table 4.19). The DFA model was tested for sensitivity 
to uneven taxonomic sampling.  Success rates in the heavy cover category dropped from 96% to 
33% when T. euryceros were removed from the analysis (Table 4.20).  
 
Distal metatarsal results 
Fossil data were added to the PCA, using a reduced 20 landmark protocol (Fig 4.19). The 
reduced landmark set resulted in greater overlap between habitat groups. Again, habitat 
categories were mixed on PC1. From negative to positive, the distal epiphysis widens cranio-
caudally and narrows mediolaterally. PC1 accounts for 26.5% of the variation in the sample.  On 
PC2, heavy cover and forest species scored positively while open and light cover species scored 
negatively. From negative to positive (open to forest), results are similar to those seen in the 
distal metacarpal PCA (Fig. 4.20). PC2 accounts for 14.6% of the variation in the sample. Both 
PCs had percentages above the Joliffe cut off value (0.6%) and are considered statistically 
significant. Successive PCs did not yield any functionally informative results. 
The DFA resubstitution classification success matrix classified specimens correctly 89% 
of the time (Table 4.21a). Using jackknife classification, overall accuracy of the model dropped 
to 83% (Table 4.21b).  The largest drop (12%) was in the heavy cover category. Two species, K. 
kob and K. ellipsiprymnus, had misclassification rates greater than 50% (Table 4.22). The DFA 
model was tested for sensitivity to uneven taxonomic sampling. Again, success rates in the heavy 




(Table 4.23). The fossils predominantly classified in the light cover category (50%), the 
remaining fossils classified as forest (33.3%), open (7.7%), and heavy cover (7.7%) (Table 4.24).  
 
Discussion 
The mandibular wireframes support our functional hypotheses. On PC1, browsing taxa 
display mediolateral narrowing of the muzzle when viewed from the superior plane (Fig 4.9).  
This helps browsing animals avoid leafy vegetation that is toxic or unpalatable. In lateral view, 
browsing taxa display a narrower and more curved muzzle in the superoinferior plane. In grazing 
taxa, the mandibular corpus deepens in the superoinferior dimension as the molars increase in 
hypsodonty. The corpus becomes shorter anteroposteriorly and the space between the cheek teeth 
is reduced mesially to bring the food closer to the fulcrum of the mandible and increase occlusal 
pressure. The bony margins behind and below the gonial angle fill out and become less concave 
as the size of the masseter muscle increases and the coronoid process lengthens to create a larger 
moment arm for the temporalis muscle (Fig. 4.10).  
Ecomorphological results of fossil mandibles from Elandsfontein are generally consistent 
with results based on mesowear and carbon isotopic analysis. An abundance of grazing taxa in 
the original EFTM faunal sample suggests a significant grassy component to the vegetation. 
There are also several, less well represented, browsing species indicating woody or shrub 
vegetation (Klein and Cruz-Uribe, 1991; Klein et al., 2007).  Mesowear studies indicate that 
many ungulates at Elandsfontein had dietary adaptations that are not expected based on their 
taxonomy. Higher frequencies of browsing indicate that the environment probably contained a 
slightly higher percentage of trees or broad-leaved bush than previously recognized (Stynder, 




environment was dominated by C3 vegetation (Luyt et al., 2000; Patterson et al., 2016; Lehmann 
et al., 2016). C4 vegetation was present in the diets of some ungulates (Luyt et al., 2000; 
Patterson et al., 2016; Lehmann et al., 2016), but appears to have been a relatively insignificant 
component of large herbivore diets [(0-35%) (Lehmann et al., 2016)]. In contrast, carbon 
isotopic analysis of micromammal dentition show higher frequencies of C4 (20 - 52%), 
suggesting a difference in the local vegetation at Elandsfontein compared to the surrounding arid 
Cape Floral Region (Patterson et al., 2016). The current mandible sample contains several 
species including Gazella sp., Raphicerus sp., Redunca arundinum, Rabaticerus arambourgi, 
and Syncerus (Pelorovis) antiquus. There are no stable carbon isotopic or mesowear data 
reported for Gazella sp. from Elandsfontein but Klein and Cruz, Uribe (1991), identified this 
species as a grazer based on taxonomic affinity to modern Gazella species. Similarly, DFA 
results classified Gazella sp. to the FG category. Raphicerus sp. is classified as a browser based 
C4 values of fossil enamel (Lehmann et al., 2016). Modern R. campestris have diets consisting of 
about 18% C4 but are predominantly browsers (Cerling et al., 2013). DFA classifies 50% of 
Raphicerus sp. from Elandsfontein as FG and either Browse or MF-B the other 50%. DFA 
classifies R. arundinum fossils as predominantly MF-G or Grass. Modern reduncines have diets 
dominated by C4 grasses and R. arundinum primarily feed on wetland grasses today (Cerling et 
al., 2013). Mesowear analysis demonstrates morphology that is consistent with a grazing diet 
(Stynder, 2009) and is corroborated by elevated C4 values in fossil enamel (Lehmann, 2016).  
Klein and Cruz-Uribe, (1991) classified fossil R. arambourgi as a grazer. R. arambourgi is 
thought to be ancestral to the extant species A. buselaphus (Gentry and Gentry, 1978; Vrba, 
1997), an obligate grazer with a diet of close to 100% C4 biomass (Cerling et al., 2003). There is 




this species was a mixed feeder (Stynder, 2009). DFA results classify fossil R. arambourgi from 
Elandsfontein as either FG or Grass. Finally, S. antiquus are classified by DFA as either FG or 
MF-B. C4 values of S. antiquus dental enamel from Elandsfontein indicate mixed feeding with 
some individuals showing enriched C4 values compared to other bovid species at Elandsfontein 
(Luyt et al., 2000; Lehmann et al., 2016). Their closest extant relative, Syncerus caffer, has a diet 
ranging from 52%-100% C4 biomass (Cerling et al, 2003).  
Metapodial functional hypotheses were also demonstrated by the wireframes but revealed 
that certain morphological characteristics were more closely tied to habitat preference than 
others. As predicted both the metacarpal and metatarsal models demonstrated variation in 
midshaft mediolateral dimension and cranio-caudal length on PC1. However, this axis was not 
explicitly related to habitat preference. On PC2, habitat separation was more apparent. This axis 
also revealed some variation in mediolateral dimension and cranio-caudal length. Ridges were 
slightly more pronounced on distal condyles in open adapted species. The functional 
characteristic that was most conspicuously associated with habitat preference was mediolateral 
flaring in the distal condyles. Open habitat species consistently show increased flaring compared 
to species from closed habitats. This suggests that reduction in mediolateral joint stress during 
high speed turning is an important selective pressure for cursorial animals.  
In the complete metacarpal PCA (44 landmark) G. thomsonii, T. imberbis, and T. 
strepsiceros clustered with habitat categories other than the ones to which they were assigned. 
The same is true for G. thomsonii and T. imberbis in the complete metatarsal PCA (52 
landmarks). T. strepsiceros was not included in the metatarsal analysis. In both metapodial 
models, G. thomsonii clustered with light cover rather than open. The same pattern has been 




second and third phalanges of G. thomsonii were misclassified from open to light cover in 
approximately 57% of 7 cases. This may reflect G. thomsonii’s preference for short-grass steppe 
and need to be near fresh water (Estes, 1967). The basis for misclassification in T. imberbis and 
T. strepsiceros is less clear. T. strepsiceros are mainly found in densely vegetated woodland and 
bushland habitats offering sufficient cover and forage (Simpson, 1974a, b; Smits, 1986; 
MacLeod et al., 1996; Apio and Wronski, 2005; Wronski et al., 2006). T. imberbis typically 
occur in open woodland habitats and rely on thicket and scrubland vegetation to avoid predators 
(Kingdon, 1982; Dorst and Dondelt, 1990). Both species were initially assigned to heavy cover 
but T. imberbis clustered with the forest and light cover while T. strepsiceros clustered with 
forest. Misclassification does not appear to be related to body size as T. euryceros, another large 
bodied species in the heavy cover habitat category, does not cluster with T. imberbis and T. 
strepsiceros in morphospace.  
Complete metacarpal and metatarsal DFA models performed considerably better than 
DFA models based on caliper measurements (Table 4.25). Distal metacarpal and metatarsal (20 
landmark) models also performed better than the vast majority of caliper models but had 
approximately the same success rates as those reported by Plummer et al. (2016). However, 
unlike Plummer et al. (2016), the current distal metapodial models do not include any diaphysis 
morphology. Although success rates are similar, methods based on 3D GM improve on those 
reported by Plummer et al., (2016) as they can be performed on the distal articular surface alone 
and can be applied to more fragmentary fossils.  
DFA analysis predominantly classified metacarpals from Elandsfontein to the forest 
habitat category while metatarsals primarily classified to light cover. This pattern is similar to 




more closed signal than hindlimbs. Different signals in the metacarpals and metatarsals may 
reflect variation in vegetation cover across the paleolandscape but given the limited number of 
fossils, the proportional representation of different vegetation types is impossible to determine. 
In contrast, the discrepancy may reflect variation in locomotor function of the forelimbs and 
hindlimbs during quadrupedal movement. The forelimb is designed to catch the body weight 
during propulsive locomotion and thus produces the net breaking force. The hindlimb is designed 
to propel the body up and drive the trunk forward, producing the net propulsive force. Because 
the hindlimbs generate the majority of the power, they are assumed to more accurately reflect 
locomotor behavior (Dutto et al., 2006).  
 In the family Bovidae, functionally informative traits often demonstrate a strong 
phylogenetic signal and thus it is necessary to test DFA models for phylogenetic influence. As 
noted in other ecomorphology studies (Louys et al., 2013; Plummer et al., 2015; Elton et al., 
2016), it is not always desirable to remove variables that covary with phylogeny if it can be 
demonstrated that phylogeny is not unduly influencing DFA classification success rates.  We 
were able to demonstrate that, while classification in some species may be influenced by 
phylogeny, the DFA success rates described here are not driven by phylogeny.  In the complete 
mandible (40 landmarks) DFA model, two species had misclassification rates greater than 50%. 
T. spekeii was initially classified as MF-B but 100% of the individuals in this species were 
misclassified to the Browse category. R. fulvorufula was assigned to the Grass category but 
100% of this species was misclassified to the FG category. Both of these species have congeners 
in the feeding categories they were reclassified into, suggesting that their reclassification 
probably reflects phylogenetic heritage. Nonetheless, this is not true for the majority of species in 




that most species in this clade were classified as browsers.  In the mandibular corpus (18 
landmarks) DFA model, 6 species had misclassification rates greater than 50% but only T. 
spekeii and R. fulvorufula were classified into the same category as the other species in their 
clades. Misclassification in the other four species cannot be explained by phylogenetic 
relatedness. Neotragus moschatus, originally assigned to the Browse category, misclassified to 
MF-B 66.7% of the time. N. moschatus forms a clade with A. melampus which is classified here 
as MF-G not MF-B. Misclassification in N. moschatus may reflect the large quantities of low 
quality leaf litter in their diet (Lawson, 1989).  T. strepsiceros was assigned to the Browse 
category but misclassified to the FG or MF-G categories 66.7% of the time. The other species in 
this clade were also assigned to the Browse or MF-B categories and thus T. strepsiceros was not 
classifying with the other members of this clade. T. strepsiceros are considered almost pure 
browsers with only about 4% of the diet composed of C4 vegetation (Cerling et al., 2003), 
perhaps an indication that the diet of this taxon is not readily described by the categories used 
here. H. niger was initially assigned to the MF-G category, along with the other species in this 
clade, but was misclassified to the FG category 70% of the time. One hundred percent of H. 
equinus misclassified to the Browse category despite the fact that this species and all other 
species in this clade were assigned to the MF-G category. Both species are generally accepted as 
having diets composed of about 78% to 85% grass, supplemented with various C3 based plants 
(Lamprey, 1963; Child and Wilson, 1964; Wilson and Hirst, 1977; Owen-Smith, 1997; Gagnon 
and Chew, 2000). However, some have reported almost exclusive grazing in these species across 
much of Southern and Eastern Africa (Cerling et al., 2003; Sponheimer et al., 2003; Codron et 
al., 2007). There were no species in the complete metacarpal DFA model with misclassification 




Neither misclassification can be explained by phylogeny. R. campestris was misclassified to 
open or heavy cover 66.7% of the time. This species and all other species in this clade were 
initially assigned to light cover.  K. ellipsiprymnus misclassified to open rather than heavy cover 
100% of the time. The other species in this clade were assigned to the light cover category. One 
species in the complete metatarsal DFA model had misclassification rates greater than 50%. A. 
marsupialis was assigned to open but misclassified to light cover 100% of the time. The other 
species in this clade were assigned to the light cover category and thus misclassification in A. 
marsupialis may reflect phylogeny. However, this species is represented by only a single 
individual and post hoc interpretations of these results would have no real basis. Finally, two 
species in the distal metatarsal model had misclassification rates above 50%.  K. kob and the 
majority of the species in this clade were assigned to light cover. The K. kob sample consists of a 
single individual that misclassified to heavy cover. K. ellipsiprymnus is the closest relative of K. 
kob. This species was assigned to the heavy cover category and thus misclassification in K. kob 
may reflect phylogenetic heritage. However, this is unlikely given that 57.1% of K. 
ellipsiprymnus were misclassified to open. Alternatively, this misclassification may reflect the 
fact that K. ellipsiprymnus are the most water dependant of all antelopes (Estes, 1991) and have a 
propensity to enter the water to forage and escape predators (Kingdon, 1982; Estes, 1991).   
There are several examples in which species were correctly classified to habitat 
categories that differed from the other species in their clades. In the complete metacarpal and 
metatarsal models, 100% of K. ellipsiprymnus were correctly classified into the heavy cover 
category despite the fact that the other species in this clade were assigned to the light cover 
category. In all metapodial models, S. grimmia were correctly classified to light cover even 




correctly classified to forest despite the fact that other species in this clade were assigned to 
heavy cover.  
Disproportionate taxonomic samples were a confounding factor in the MF-B and heavy 
cover categories. Classification success rates for the MF-B category dropped from 70% to 27% 
in the mandibular corpus model when R. campestris was removed (Table 4.10). This feeding 
category contains the fewest individuals (n=25), 63% of which are R. campestris. In both the 
complete and distal metatarsal models, heavy cover success rates dropped significantly when T. 
euryceros were removed (Table 4.20, 4.23). Again, this habitat category contains the fewest 
individuals (n=25) with T. euryceros making up 40% of the sample. All models would 
undoubtedly benefit by increasing the sample of underrepresented taxa. 
 
Conclusions  
 This study demonstrates that ecomorphological analysis is improved upon by 
utilizing 3D GM to quantify morphological shape variation. The methods introduced here 
provide considerably higher classification success rates than almost all caliper models and can be 
performed on more fragmentary specimens. This is particularly valuable for paleohabitat 
reconstruction at archaeological and paleontological sites, where fossils are rarely complete. 3D 
GM also allows researchers to generate wireframes which are extremely useful for testing 
functional hypotheses and interpreting shape variation. Data from fossil mandibles and 
metapodials at Elandsfontein suggest a mixed habitat with significant grass and tree/shrub 
components. Fossil mandibles predominantly classified with modern fresh grass grazers (37.5%) 
and the predicted diets of fossil species were similar to predictions based on mesowear and stable 




species (64.3%) while metatarsals predominantly classified with modern bovids from light cover 
habitats (50%). These results are in general agreement with taxonomic, mesowear, and stable 
carbon isotope studies at Elandsfontein suggesting a mixed habitat with substantial grassy 
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Table 4.2. Anatomical descriptions of mandibular landmarks for 3D GM analysis. Landmarks 
used in reduced 18 landmark mandibular corpus protocol are highlighted in bold.  
 
Landmark Location Description 
1 Most posteroinferior point condyle 
2 Most medial point condyle 
3 Most lateral point condyle 
4 Most inferior point mandibular notch 
5 Most posterior point coronoid process 
6 Most superior point coronoid process 
7 Maximum concavity below condyle 
8 
Ascending ramus posterior margin 3/4 from minimum vertical depth of the 
mandibular ramus 
9 
Ascending ramus anterior margin 3/4 from minimum vertical depth of the 
mandibular ramus 
10 Most posterior point gonial angle 
11 Most inferior point gonial angle 
12 Maximum concavity posterior corpus 
13 Maximum convexity mandibular ramus 
14 Most distal point M3 
15 Mesial M3 at midpoint of socket 
16 Mesial M2  at midpoint of socket 
17 Mesial M1  at midpoint of socket 
18 Mesial P4 at midpoint of socket 
19 Mesial P3 (or anterior if P2 is absent) 
20 Inferior ramus margin, below mesial M3 




22 Inferior ramus margin, below mesial M1 
23 Inferior ramus margin, below mesial P4 
24 Inferior ramus margin, below mesial P3 
25 Superior corpus margin, 1/3 diastema length measured from mesial P2 alveolus to I4 
26 Inferior corpus margin, 1/3 diastema measured from alveolus P2 
27 Lateral corpus at point 1/2 between superior and inferior diastema points 
28 Medial (lingual) corpus at point 1/2 between superior and inferior diastema points 
29 Distal margin I4, alveolar 
30 Mesial margin I1, alveolar (infradentale) 
31 Most posterior point, mental foramen 
32 Most inferior point, mandibular foramen 
33 M3 height mesial pillar, lingual 
34 Mesial M3 anterior pillar greatest convexity, lingual 
35 Mesial M2 anterior pillar greatest convexity, lingual 
36 Mesial M1 anterior pillar greatest convexity, lingual 
37 Most posteroinferior point of lower margin of mandibular symphysis 
38 Mesial M3 anterior pillar greatest convexity, buccal 
39 Mesial M2 anterior pillar greatest convexity, buccal 











Table 4.3. Anatomical descriptions of metacarpal landmarks for 3D GM analysis. Landmarks 
used in distal metacarpal reduced 20 landmark protocol are highlighted in bold.  
 
Landmark Location Description 
 
Proximal  
1 Posteromedial corner of magnum facet  
2 Medialmost projection of magnum facet  
3 Anteriormost projection of magnum facet  
4 Anteriormost projection of crest between magnum and unciform facets  
5 
Lateralmost projection of unciform facet exclusive of down-turned lip of articular 
surface  
6 
Posteromedialmost projection of unciform facet crest exclusive of down-turned lip 




Take functional length of the bone and divide into 3 quarters (¼, ½, ¾) 
1 Anteriormost point (1/4) 
2 Anteriormost point (1/2) 
3 Anteriormost point (3/4) 
4 Shaft posterior surface medial (1/4) 
5 Shaft posterior surface midline (1/4) 
6 Shaft posterior surface lateral (1/4) 
7 Shaft posterior surface medial (1/2) 
8 Shaft posterior surface midline (1/2) 
9 Shaft posterior surface lateral (1/2) 
10 Shaft posterior surface medial (3/4) 




12 Shaft posterior surface lateral (3/4) 
13 Medialmost (1/4) 
14  Lateralmost (1/4) 
15  Medialmost (1/2) 
16  Lateralmost (1/2) 
17  Medialmost (3/4) 
18  Lateralmost (3/4) 
 
Distal   
1 Superiormost point on articular surface along EDGE of medial trochlea 
2 Superiormost point on medial crest 
3 Superiormost point on lateral trochlea crest 
4 Superiormost point on articular surface along EDGE of lateral trochlea 
5 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
6 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
7 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
8 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
9 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
10 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
11 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
12 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 





14 Points along transect including inferiormost point of medial (7) and lateral 
(12) crests 
15 Superiormost point on articular surface along ventral edge of medial trochlea 
16 Superiormost point on medial trochlear crest 
17 Superiormost point lateral trochlear crest 
18 Superiormost point on articular surface along ventral edge of lateral trochlea 
19 Medial fossa, medial condyle 





















Table 4.4. Anatomical descriptions of metatarsal landmarks for 3D GM analysis. Landmarks 
used in distal metatarsal reduced 20 landmark protocol are highlighted in bold.  
 
Landmark Location Description 
 
Proximal   
1 Distalmost projection of posteromedial facet 
2 Medialmost projection of medial facet 
3 Anteriormost projection of medial facet 
4 Anteriormost projection of margin between medial and lateral facets 
5 Lateral most projection of lateral facet 
6 Lateralmost projection of posterolateral facet 
7  Medialmost projection of posterolateral facet 
8  Posterior most projection of posterolateral facet 
 
Diaphysis Take functional length of the bone and divide into 3 quarters (¼, ½, ¾) 
1 Shaft anterior surface medial crest 
2  Shaft anterior surface midline depression 
3  Shaft anterior surface lateral crest 
4 Shaft anterior surface medial crest 
5  Shaft anterior surface midline depression 
6  Shaft anterior surface lateral crest 
7 Shaft anterior surface medial crest 
8  Shaft anterior surface midline depression 
9 Shaft anterior surface  lateral crest 




11 Shaft posterior surface midline 
12 Shaft posterior surface lateral 
13 Shaft posterior surface medial  
14 Shaft posterior surface midline 
15 Shaft posterior surface lateral 
16 Shaft posterior surface medial  
17 Shaft posterior surface midline 
18 Shaft posterior surface lateral 
19 Medialmost (1/4) 
20 Lateralmost (1/4) 
21  Medialmost (1/2) 
22  Lateralmost (1/2) 
23  Medialmost (3/4) 
24 Lateralmost (3/4) 
 
Distal   
1 Superiormost point on articular surface along edge of medial trochlea 
2 Superiormost point on medial crest 
3 Superiormost point on lateral trochlea crest 
4 Superiormost point on articular surface along edge of lateral trochlea 
5 Points along transect of inferiormost points from medial 
6 Points along transect of inferiormost points from medial 
7 Points along transect of inferiormost points from medial 
8 Points along transect of inferiormost points from medial 
9 Points along transect of inferiormost points from medial 
10 Points along transect of inferiormost points from medial 




12 Points along transect of inferiormost points from medial 
13 Points along transect of inferiormost points from medial 
14 Points along transect of inferiormost points from medial 
15 Superiormost point on articular surface along ventral edge of medial trochlea 
16 Superiormost point on medial trochlear crest 
17 Superiormost point lateral trochlear crest 
18 Superiormost point on articular surface along ventral edge of lateral trochlea 
19 Medial fossa, medial condyle 



















Table 4.5a-b. Complete mandible discriminant function analysis (linear) using a 40 landmark 
protocol. Variables:  n=19 (PC1-4, 6, 8, 10-15, 17, 19, 21-22, 26-27, 31) B=browse, MF-
B=mixed feeding preferring browse, MF-G=mixed feeding preferring grass, FG=fresh grass, 
G=grass. 
 
(a) Resubstitution Classification Results 
Actual Group N Predicted group membership % Correct 
  B MF-B MF-G FG G  
B 159 158 1 0 0 0 99 
MF-B 30 1 25 4 0 0 83 
MF-G 66 0 0 64 2 0 97 
FG 63 0 0 0 63 0 100 
G 71 0 0 1 5 65 92 
TOTAL 389 159 26 69 70 65 96 
 
(b) Jackknife  Classification Results 
Actual Group N Predicted group membership % Correct 
  B MF-B MF-G FG G  
B 159 155 4 0 0 0 97 
MF-B 30 1 24 5 0 0 80 
MF-G 66 0 0 63 3 0 95 
FG 63 0 0 0 63 0 100 
G 71 0 0 1 5 65 92 






Table 4.6. Classification errors of complete mandible discriminant function analysis (linear) 













Fresh Grass Redunca 
arundinum 
0 7 0  
Redunca 
redunca 
0 5 0  
Kobus 
megacerus 
0 1 0  
Kobus kob 0 22 0  
Kobus 
ellipsiprymnus 
0 28 0  
Mixed Feeder-
Browse 
Gazella granti 4 8 50 MF-G 
Tragelaphus 
spekei 
1 1 *100 B 
Taurotragus 
oryx 
0 2 0  
Raphicerus 
campestris 
0 19 0  
Browse Cephalophus 
natalensis 
0 3 0  
Cephalophus 
dorsalis 
0 29 0  
Cephalophus 
leucogaster 
0 34 0  
Cephalophus 
nigrifrons 
0 15 0  
Cephalophus 
monticola 






0 15 0  
Madoqua 
saltianna 
0 1 0  
Madoqua kirkii 1 7 14.3 MF-B 
Neotragus 
moschatus 
0 3 0  
Sylvicapra 
grimmia 
0 14 0  
Tragelaphus 
scriptus 
0 4 0  
Tragelaphus 
strepsiceros 
0 3 0  
Tragelaphus 
euryceros 




Oryx gazella 0 7 0  
Gazella 
thomsoni 
0 17 0  
Ourebia ourebi 0 4 0  
Hippotragus 
niger 
2 10 20 FG 
Hippotragus 
equinus 
0 3 0  
Addax 
nasomaculatus 
0 1 0  
Antidorcas 
marsupialis 
0 17 0  
Aepyceros 
melampus 
0 7 0  
Grass Alcelaphus 
buselaphus 
0 23 0  
Redunca 
fulvorufula 






0 25 0  
Damaliscus 
dorcas 
0 13 0  
Damaliscus 
lunatus 
0 5 0  











































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.8a-b. Mandibular corpus discriminant function analysis (linear) using a reduced 18 
landmark protocol. Variables:  n=16 (PC1-9, 11-13, 21-22, 25, 43) B=browse, MF-B=mixed 
feeding preferring browse, MF-G=mixed feeding preferring grass, FG=fresh grass, G=grass.  
 
(a) Resubstitution Classification Results 
Actual Group N Predicted group membership % Correct 
  B MF-B MF-G FG G  
B 159 150 2 5 1 1 94 
MF-B 30 3 22 5 0 0 73 
MF-G 66 4 0 47 14 1 71 
FG 63 0 0 4 58 1 92 
G 71 0 0 0 6 65 92 
TOTAL 389 157 24 61 79 68 88 
 
(b) Jackknife  Classification Results 
Actual Group N Predicted group membership % Correct 
  B MF-B MF-G FG G  
B 159 148 3 5 1 1 93 
MF-B 30 4 21 5 0 0 70 
MF-G 66 5 0 46 14 1 71 
FG 63 0 0 4 57 2 90 
G 71 0 0 0 6 65 92 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.11. Number and percentage of Elandsfontein mandibular corpus fossils assigned to each 
feeding category. B=browse, MF-B=mixed feeding preferring browse, MF-G=mixed feeding 
preferring grass, FG=fresh grass, G=grass. 
 
Feeding category n Percent  
G 2 12.5 
FG 6 37.5 
MF-G 3 18.7 
MF-B 2 12.5 
B 3 18.75 

















Table 4.12a-b. Complete metacarpal discriminant function analysis (quadratic) using a 44 
landmark protocol. Variables:  n=9 (PC1-7, 9-10). 
 
(a) Resubstitution Classification Results 
Actual Group N Predicted group membership % Correct 





Open 63 60 3 0 0 95 
Light cover 54 0 54 0 0 100 
Heavy cover 36 0 1 34 1 94 
Forest 25 0 0 0 25 100 
TOTAL 178 60 58 34 26 97 
 
(b) Jackknife  Classification Results 
Actual Group N Predicted group membership % Correct 





Open 63 58 4 1 0 92 
Light cover 54 1 53 0 0 98 
Heavy cover 36 1 1 33 1 92 
Forest 25 0 0 2 23 92 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.15a-b. Distal metacarpal discriminant function analysis (quadratic) using reduced 20 
landmark protocol. Variables: n=7 (PC1-4, 8,11,24). 
 
(a) Resubstitution Classification Results 
Actual Group N Predicted group membership % Correct 





Open 63 57 5 1 0 90 
Light cover 52 5 45 2 0 87 
Heavy cover 36 6 0 27 3 75 
Forest 25 0 0 0 25 100 
TOTAL 176 68 50 30 28 88 
 
(b) Jackknife  Classification Results 
Actual Group N Predicted group membership % Correct 





Open 63 53 9 1 0 84 
Light cover 52 6 43 2 1 83 
Heavy cover 36 6 0 26 4 72 
Forest 25 1 0 2 22 88 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.18a-b.Complete metatarsal discriminant function analysis (quadratic) using a 52 
landmark protocol.  
Variables:  n=13 (PC1-4,6-7,9,11,18-19,25,36,42). 
(a) Resubstitution Classification Results 
Actual Group N Predicted group membership % Correct 





Open 58 54 4 0 0 93 
Light cover 78 1 77 0 0 99 
Heavy cover 25 0 0 25 0 100 
Forest 31 0 0 0 31 100 
TOTAL 192 55 81 25 31 97 
 
(b) Jackknife  Classification Results 
Actual Group N Predicted group membership % Correct 





Open 58 51 4 3 0 88 
Light cover 78 2 75 1 0 96 
Heavy cover 25 0 0 24 1 96 
Forest 31 0 1 2 28 90 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.21a-b. Distal Metatarsal discriminant function analysis (quadratic) using a reduced 20 
landmark protocol. Variables:  n=11 (PC1-5, 7-8, 10-11, 19, 21). 
 
(a) Resubstitution Classification Results 
Actual Group N Predicted group membership % Correct 
  Open Light cover Heavy cover Forest  
Open 58 53 4 0 1 91 
Light cover 78 3 69 4 2 88 
Heavy cover 25 3 1 21 0 84 
Forest 31 0 0 3 28 90 
TOTAL 192 59 74 28 31 89 
 
(b) Jackknife  Classification Results 
Actual Group N Predicted group membership % Correct 
  Open Light cover Heavy cover Forest  
Open 58 47 10 0 1 81 
Light cover 78 3 69 4 2 88 
Heavy cover 25 4 1 18 2 72 
Forest 31 0 3 3 25 81 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.2. Mandible landmarks illustrated on right hemimandible of Odocoileus virginianus 
(White-tailed deer); A) Buccal view B) Lingual view. Landmarks 1, 2, 3, 29, 30 not visible in 









































































































































































































































































































































































































































































































































































































Figure 4.8.  Principal components analysis of extant bovid hemimandibles using 40-landmark 
protocol. X-Axis: PC1 (45.76%) vs. Y-Axis: PC2 (12.53%).  Both principal component scores 
are statistically significant (Jolliffe cut-off value = 10.05%). B=browse, MF-B=mixed feeding 













Figure 4.9. Shape changes in the complete mandible wireframe between a) grazers and b) 
browsers on PC1 in superior view using a 40 landmark protocol. Note the difference in the width 
of the muzzle and position of the coronoid process.  
 
 
Figure 4.10. Shape changes in the complete mandible wireframe between a) grazers and b) 
browsers on PC1 in buccal view using a 40 landmark protocol. Note the differences in the length 
of the coronoid process, spacing of the check teeth, depth of the mandibular corpus, and 








Figure 4.11.  Principal components analysis of bovid mandibular corpus using a reduced 18 
landmark protocol. X-Axis: PC1 (38.6%) vs. Y-Axis: PC2 (12.8%).  Both principal component 
scores are statistically significant (Jolliffe cut-off value = 1.91%). B=browse, MF-B=mixed 
feeding preferring browse, MF-G=mixed feeding preferring grass, FG=fresh grass, G=grass. 
Principal components analysis of extant bovid hemimandibles using 18-landmark protocol. 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The main objective of this dissertation is to address under-investigated aspects of 
Acheulean hominin behavioral ecology and place hominin subsistence behavior into an 
environmental context. This study presents the first systematic analysis of in situ large mammal 
fossils from Elandsfontein, South Africa. The Elandsfontein fossil assemblage is one of few 
contemporaneous archaeofaunas preserved in primary context with lithic artifacts and has 
figured prominently in discussions of Acheulean hominin carnivory (Klein, 1978, 1982, 2009; 
Klein and Cruz-Uribe, 1991; Milo, 1994; Klein et al., 1999, 2007; Cruz-Uribe et al., 2003).  
Zooarchaeological and paleoenvironmental data presented here increase the known variability in 
Acheulean hominin foraging behavior by providing data on an aeolian context and winter rainfall 
environment (Braun et al, 2013a, b). This study also marks the first use of 3D geometric 
morphometrics to test functional and ecomorphological hypotheses in bovid mandibles and 
metapodials. This new approach to ecomorphological analysis is broadly applicable to many 
paleontological and archeological contexts.  
This study began with several goals. The first was to determine the mechanisms of site 
formation at Elandsfontein and assess the degree to which hominins and carnivores contributed 
to the fossil assemblage. The zooarchaeological data presented in Chapter Two reveal a more 
complex history of faunal accumulation and bone surface modification in the excavated (WCRP) 
fauna than has previously been reported for surface collected materials [(EFTM) (Milo, 1994)]. 




indicate that hominins had more frequent access to large carcasses than previously recognized. 
This finding has important implications as it suggests that meat was an important component of 
the diet and that hominins were competing with large carnivores, either directly or indirectly, for 
access to animal tissue.  
The second goal was to explore variation in the activity of different bone modifying 
agents across the Elandsfontein paleolandscape. Chapter Two reveals that hominins, carnivores, 
and porcupines all had a significant influence on the fossil assemblage but that the frequency of 
activity by each agent varied between excavation bays. Bay 0209 preserves the highest 
concentrations of hominin damage, suggesting that hominin butchery activity was most common 
in this part of the landscape. This pattern is echoed by the high artifact density in this bay (Braun 
et al., 2013a). Relatively high frequencies of carnivore damage at Bay 0209 suggest that 
carnivores also repeatedly processed carcasses in this area and thus the primary agent of bone 
accumulation at Bay 0209 remains unclear. Carnivore and porcupine damage frequencies are 
highest at Bay 0313. These data, coupled with evidence for rapid burial and a diverse array of 
carnivore taxa, suggests the presence of a carnivore den. Bays 0110 and 0710 consist of low 
frequencies of all damage types and may represent background scatter or natural death sites. This 
variation highlights the problems with conflating data from contexts with varying degrees of 
hominin and carnivore activity, as was done in previous studies of the EFTM surface collections.  
The third goal of this study was to use traditional ecomorphological methods to 
contribute to the growing body of paleoenvironmental data at Elandsfontein. Marine core 
sediments indicate increasing aridification in southern Africa throughout the Pliocene and 
Pleistocene (deMenocal, 2004; Dupont et al., 2013). However, taxonomic composition of the 




Cruz-Uribe, 1991; Klein, 2009) and recent isotopic studies imply that Elandsfontein may have 
been buffered from regional aridification by the presence of ground fed springs (Braun et al., 
2013a, b; Patterson et al. 2016, Lehmann et al., 2016). Ecomorphological results, in Chapter 
Three, suggest a mix of habitats, including a predominantly open landscape with significant 
woody or bushy components. This contrasts strongly with the arid and unpredictable ecological 
conditions expected for the Cape Floral Region and supports the idea that Elandsfontein 
provided Acheulean hominins with a refuge from the resource poor ecosystems around them. 
Permanent fresh water and high large mammal biomass would likely have provided hominins at 
Elandsfontein with similar foraging opportunities to their counterparts in C4 dominated grassland 
habitats in East Africa (Pante, 2010, 2013; Sikes et al., 1999; Dominguez-Rodrigo et al., 2001). 
The final goal was to establish a new protocol for collecting and analyzing bovid 
ecomorphological data using 3D geometric morphometrics, and apply it to fossil mandibles and 
metapodials from Elandsfontein. The methods introduced in Chapter Four provide considerably 
higher classification success rates than almost all traditional caliper models and can be 
performed on more fragmentary specimens. Wireframes proved extremely useful for testing 
functional hypotheses and interpreting variation in three dimensional shapes. Ecomorphological 
results from Elandsfontein once again suggest a mixed habitat with significant grass and 
tree/shrub components. These methods were applied to fossil bovids from Elandsfontein but are 
broadly applicable to any archaeological or paleontological assemblages containing bovid 
fossils. 
 




The current zooarchaeological study (WCRP) presents a view of Elandsfontein hominin 
foraging behavior that differs from previous studies based on surface collected material (EFTM) 
(Klein and Cruz-Uribe, 1991; Milo, 1994). Milo (1994) found that 1.6% of “wildebeest-sized” 
bones and 1.4% of “eland-sized” bones in the EFTM faunal collection exhibited carnivore tooth 
marks. The frequencies for stone tool marks were only 0.7% and 0.2%, respectively. This was 
interpreted as evidence that hominins played little role in bone accumulation and modification 
and that bone-artifact association was largely the result of natural mortality near a water source. 
In turn, it was predicted that hominins at Elandsfontein rarely fed on large mammals like buffalo 
or rhinoceros, despite their abundance in the EFTM fossil assemblage (Klein, 2009). In contrast, 
the current study indicates varying degrees of hominin and carnivore activity across the 
paleolandscape with higher frequencies (3.6% NISP) of hominin-induced butchery in Bay 0209. 
In addition, cutmarks were identified on limb bones of extinct buffalo (Syncerus antiquus) and 
rhinoceros (Diceros bicornis), indicating that hominins at least occasionally butchered very large 
animals.  
Paleoenvironmental reconstructions at Elandsfontein indicate a predominantly open 
landscape, dominated by C3 grasses and dense patches of trees and/or broad leaved bush (Klein 
and Cruz-Uribe, 1991; Luyt et al., 2000; Kaiser and Franz-Odendaal, 2004; Stynder, 2009; 
Braun et al., 2013a, b; Patterson et al. 2016; Lehmann et al., 2016). Micromammal fossils 
demonstrate enriched levels of C4 relative to large ungulates, suggesting a difference in the local 
Elandsfontein vegetation compared to the surrounding arid Cape Floral Region (Patterson et al., 
2016; , Lehmann et al., 2016).This landscape would have provided hominins with a rare 
resource-rich setting, within a relatively dry and ecologically poor ecosystem, particularly during 




the diverse array of large herbivores and consistent source of water and vegetation (Drennan, 
1953; Singer and Wymer, 1968; Klein, 1983; Braun et al., 2013a). Fossil and lithic evidence 
indicate that hominin behavior varied in intensity across the landscape (Braun et al., 2013a) and 
preliminary findings suggest that hominins may have concentrated their activities in areas that 
were rich in C4 resources (Patterson et al., 2016).  
 
Hominin carnivory and contemporaneous archaeofaunal assemblages across the Old World 
There is also a lack of consensus on many key issues regarding Acheulean hominin 
carnivory including the importance and frequency of meat consumption, strategies of carcass 
acquisition and processing (i.e. early vs. late access), and the ability to compete with carnivores 
for access to animal resources. The development of the Acheulean coincides with important 
biological changes including the appearance of hominins with larger brain size, larger body size, 
and a shift toward obligate bipedalism and endurance running (Shipman and Walker, 1989; Ruff 
and Walker, 1993; Aiello & Wheeler, 1995; Bramble and Lieberman, 2004; Stout et al., 2008). 
The metabolic cost of these biological changes would have required an increase in nutritional 
intake and a common assumption is that Acheulean hominins consumed more animal tissue than 
their Oldowan producing predecessors (Aiello and Wheeler, 1995; Milton, 1987; Ruff and 
Walker, 1993; Shipman and Walker, 1989). Contrary to this assumption, some have argued that 
there is little evidence for Acheulean hominin carnivory in the fossil record and that hominins, 
across the Old World, had infrequent access to animal resources (Klein, 1978, 1982, 2009; Klein 
and Cruz-Uribe, 1991; Milo, 1994; Klein et al., 1999, 2007; Cruz-Uribe et al., 2003). However, 
this argument is based primarily on a lack of evidence for hominin butchery and a growing 




often the primary agents of carcass accumulation and modification. Below is a discussion of the 
most well described archaeofaunas that are roughly contemporaneous to Elandsfontein. These 
include Duinefontein (Horizon 2) in South Africa, sites at Olduvai Gorge (Beds II, III, and IV) 
and Peninj (ST site complex) in Tanzania, and Gesher Benot Ya’aqov in Israel (V-5, V-6) (Table 
1).  
Duinefontein, also located on the Western Cape of South Africa, preserves an open air 
lithic and fossil assemblage that is slightly younger (500-250 ka) than Elandsfontein (Feathers, 
2002; Cruz-Uribe, 2003). Horizon 2 contains over two thousand Acheulean artifacts including 
handaxes, cores, retouched and unretouched flakes, and debris. The faunal composition suggests 
an environment dominated by grass and broad leaved bush with a nearby pond or marsh (Klein et 
al., 1999). The fossil sample is composed predominantly of skulls, vertebrae, ribs, and other 
axial elements, often in near anatomical order, suggesting that limbs were selectively removed 
from death sites. There are numerous hyena coprolites and carnivore tooth marks are abundant 
(45% NISP), indicating that carnivores were largely responsible for carcass disarticulation (Cruz-
Uribe et al., 2003). Cruz-Uribe et al. (2003) interpret the relative rarity of tool-marked bones 
(1% NISP) as evidence that hominins acquired few of the large mammals available to them 
(Table 1). The authors point out that it is difficult to determine whether Duinefontein represents 
an Acheulean rule or exception but refer to the low frequencies of hominin damage from the 
EFTM, Torralba, and Ambrona assemblages as probable evidence that Acheulean hominins 
rarely acquired large mammal carcasses (see discussion on Torralba and Ambrona below).  
The most thoroughly examined of these faunal assemblages are from Olduvai Gorge, 
Tanzania (Beds II-IV). Zooarchaeological analyses have been conducted at several Bed II sites 




al., 1991; Egeland & Domı ́nguez-Rodrigo, 2008) Evidence for hominin activity is preserved in a 
variety of ecological settings, from lake margins to fluvial contexts (Hay, 1976) and the lithic 
assemblage is described as a combination of Oldowan, Developed Oldowan, and Acheulean 
technology (Leakey, 1971).  The HWKE fauna contains few signs of hominin butchery (<1% 
NISP) but carnivore tooth marks are presents on 21.9% of specimens in levels 1-2 and 24.5% in 
levels 3-5 (Table 1). Tooth mark patterns most closely resemble those described by carnivore-
only (CO) actualistic experiments (Blumenschine, 1988, 1995; Capaldo, 1998, Marean et al., 
2000) and imply that bones were accumulated and modified primarily by carnivores (Monahan, 
1996; Egeland & Domı ́nguez-Rodrigo, 2008).  
Monohan (1996) interpreted both the MNK and BK assemblages as representing primary 
access by hominins.  At MNK, 5% of specimens were recorded as having either cutmark or 
percussion damage and 8.7% preserve carnivore tooth marks. At BK, hominin and carnivore 
damages were reported on 8.8% and 8.2% of specimens, respectively (Table 1). For both 
assemblages, tooth marks are considerably more abundant on epiphyseal bone portions than on 
midshafts. This pattern most closely resembles actualistic experiments in which carnivores had 
late access to defleshed carcasses (Blumenschine, 1988, 1995; Capaldo, 1998, Marean et al., 
2000).  Egeland & Domı ́nguez-Rodrigo (2008) later reexamined the MNK and BK faunal 
collections and recorded considerably higher frequencies of carnivore damage (30.6% NISP) at 
MNK with evidence for hominin butchery on less than 1% of fossils (Table 1). They dispute the 
idea of early hominin access at MNK but uphold the contention that BK represents an 
accumulation primarily formed by hominin activity. The majority of cutmarks at site BK occur 
on meaty proximal limb elements in areas that Dominguez-Rodrigo and Barba (2007) refer to as 




felids during feeding experiments and predominantly occur on limb shafts. This suggests that 
hominins at BK had early access to carcasses and removed large packets of muscle tissue. 
Evidence also suggests that hominins at BK preferentially exploited large mammals (size 3 and 
4) and occasionally butchered Syncerus (Pelorovis) oldowayensis (Dominguez et al., 2009).  
Carbon isotopic data indicate a shift toward more arid conditions during deposition of the 
Bed III and IV fauna, with C4 grasses comprising about 80% of the vegetation biomass (Cerling 
and Hay, 1986). The faunal composition indicates a grass dominated ecosystem with scrub and 
brush (Gentry and Gentry, 1978; Hay, 1976). At site JK 2 in Bed III (1.2-0.8 Ma), stone tool 
cutmarks and percussion marks occur on 14.9% of identified specimens and carnivore 
toothmarks occur on 31.8% (Table 1). Patterns of cutmark and tooth mark distribution suggest 
that hominins and carnivores both had early access to carcasses at JK 2 on different occasions 
(Pante, 2010, 2013). In contrast damage patters at site WK in Bed IV (0.8 and 0.6 Ma) suggest 
that hominins were the primary consumers of both flesh and marrow (Pante, 2010).  Hominin 
damage occurs on 16.9% of fossils and carnivore damage appears on 20.8%. (Table 1)  
Peninj, Tanzania represents a buried paleolandscape with several small scatters of fossils 
and Oldowan or Mode 1 artifacts (Leakey, 1971). Most of the archaeological materials are 
concentrated in the ST site complex with ST4 (1.5 Ma) containing the largest and best preserved 
archaeofauna of the ST sites (Domínguez‐Rodrigo et al., 2002, 2009). Hominin damage occurs 
on 37.3% NISP while carnivore damage occurs on only 8.4% (Table 1). Damage frequencies 
indicate that hominins had primary access to fully fleshed carcasses, and that carnivore activity 
was restricted to post-depositional ravaging (Domínguez‐Rodrigo et al., 2002).  
Finally, the Gesher Benot Ya’aqov (GBY) locality in Israel preserves evidence of 




ka (Goren-Inbar et al., 1992, 2000; Rabinovich et al., 2008; Rabinovich & Biton, 2011). The 
lithic assemblage consists of Acheulean artifacts including handaxes, cleavers, flake tools, and 
small cores (Goren-Inbar et al., 1994) and paleoenvironmental analyses indicate that both 
grassland and woodland habitats were present (Rabinovich et al., 2008; van Zeist and Bottema, 
2009). Hominin damage is recorded on 5.4% percent of specimens in layer V-5 and 11.7% in 
layer V-6 (Rabinovich et al., 2012).  The frequency and distribution of hominin damage on 
Dama fossils suggest that hominins repeatedly followed a sequence of butchery involving 
skinning, disarticulation, defleshing, and marrow extraction (Rabinovich et al., 2008). Carnivore 
fossils are rare and carnivore bone modification occurs on only 1.4% of specimens in layer V-5 
and 2.4% in layer V-6 (Table 1). Patterns of tooth mark distribution suggest that carnivores were 
scavenging carcasses that were already fully processed by hominins (Rabinovich et al., 2008). 
The presence of a percussed cranium of Palaeoloxodon antiquus (extinct straight tusked 
elephant) is intriguing and may indicate that hominins transported the cranium to consume the 
brain tissue (Goren-Inbar et al., 1994).  
There are several additional contemporaneous faunal assemblages that are not as well 
described but warrant mention in this discussion. These include Ambrona, Torralba and Gran 
Dolina in Spain, Swartkrans in South Africa, and Olorgesailie in Kenya. The Ambrona (>350 ka) 
and Torralba (240-200 ka) assemblages contain little indication for hominin butchery and have 
been cited as evidence that Acheulean hominins did not regularly butcher large mammals 
(Shipman & Rose, 1983; Pérez-González et al., 1999; Cruz-Uribe et al., 2003; Falguères et al., 
2006). However, it is possible that much of the bone surface damage at these localities has been 
obliterated by sedimentary abrasion. Cutmarks and tooth marks occur on less than 1% of bones 




& Rose, 1983). An alternative possibility is that these localities represent background scatter or 
natural death sites and do not provide a great deal of information about hominin foraging 
activities.  
Gran Dolina is one of several important Paleolithic cave sites located in the Sierra de 
Atapuerca region of central Spain. The TD 6 level has yielded hominin fossils, identified as 
Homo antecessor, in association with lithic and faunal remains, dating to > 780 ka (Bermúdez de 
Castro et al., 1997; Carbonell et al., 1995, 1999; Carlos Díez et al., 1999). The lithic assemblage 
has been described as Mode I (Oldowan) with usewear traces of butchery and woodworking 
(Carbonell et al., 1999). Paleoenvironmental reconstructions indicate the presence of a temperate 
European forest near the site (Rodriguez, 1997). Cutmarks have been identified on many of the 
bones, including bones assigned to H. antecessor, and cutmark frequencies are consistent with 
hominins having had early access to carcasses (22.5% NISP). Toothmarks occur on 19% of bone 
fragments but rarely occur on midshafts, suggesting secondary access by carnivores (Carlos Díez 
et al., 1999; Fernández‐ Jalvo et al., 1999). Recent analysis of theTD6-2 fauna revealed similar 
patterns of bone surface damage, suggesting that hominins had early access to fleshed carcasses 
and that carnivore ravaging was restricted to scavenging of hominin refuse (Saladie et al., 2014). 
Skeletal element representation suggests that many carcasses, including Homo, were complete 
when they were transported into the cave (Carlos Díez et al., 1999).  
Hominins are also suggested to be the primary agents of bone modification at Swartkrans 
Member 3 in South Africa (Brain, 1993; Pickering et al., 2004a; 2004b).  The 1 million year old 
faunal sample is dominated by large grazing taxa indicating a grass dominated vegetation. There 
are also several less well represented browsing and water dependant taxa indicating extensive 




Cutmarks occur on 6.1% of limb bones with the majority occurring on meaty proximal elements 
suggesting that hominins had early access to rather complete carcasses. Hominins are also 
thought to have broken the majority of long bones for marrow extraction (Pickering et al., 
2004a).  Carnivore tooth marks are present on many of the fossils but rarely occur on long bone 
midshafts, suggesting that carnivores were secondary consumers (Pickering et al., 2004a; 
2004b).   
The Acheulean locality of Olorgesailie, Kenya contains a large faunal and lithic 
assemblage dated between 990 and 780 ka (Potts, 1989; Potts et al., 1999). Olorgesailie 
represents a paleolake basin that supported a local biomass of about 75–100% C4 plants (Sikes et 
al., 1999). Site DE/89B preserves fossils of at least fifty seven giant gelada (Theropithecus 
oswaldi) with over 4,000 associated artifacts (Isaac, 1977; Shipman et al., 1981). Bone breakage 
patterns have led some researchers to infer that hominins were systematically hunting and 
butchering gelada (Shipman et al., 1981) though this interpretation has since been criticized 
(Binford and Todd, 1982). Excavations have also unearthed an elephant butchery site (Elephas 
recki) with more than 2,300 associated stone artifacts. Additional fossils have since been 
excavated at Olorgesailie (Potts et al., 1999), but the results of detailed taphonomic and 
zooarchaeological analyses have not yet been published.  
The earliest unequivocal archaeological evidence for hominin carnivory precedes the 
Acheulean and coincides with the appearance of the Oldowan stone tool technology at 
approximately 2.6 Ma (Semaw et al., 1997; de Heinzelin et al., 1999; Dominguez-Rodrigo et al., 
2005; Semaw, 2006). Despite the long history of research, there is still no consensus on the mode 
of Oldowan hominin carcass acquisition and arguments mainly focus on the debate of hunting 




1986; Shipman, 1986; Blumenschine, 1986, 1987, 1995; Potts, 1988; Binford et al., 1988; 
Selvaggio, 1998; Blumenschine and Cavallo, 1992; Bunn and Ezzo, 1993; Lupo, 1994; Oliver, 
1994; Capaldo, 1997; Dominguez-Rodrigo, 1997, 2002; Dominguez-Rodrigo et al., 2002; 
Dominguez-Rodrigo and Pickering, 2003; Plummer, 2004; Blumenschine and Pobiner, 2007). 
The majority of studies have focused on the well preserved faunal assemblage from FLK 
Level 22 (FLK Zinj) from Bed I, Olduvai Gorge, Tanzania. This site dates to ~1.84 Ma and 
contains approximately 60, 000 faunal specimens (NISP) and over 2,500 Oldowan artifacts 
(Leakey 1971; Bunn and Kroll 1986; Potts 1988; Domínguez-Rodrigo et al. 2007). Phytolith and 
paleosol carbonate analyses suggest a wooded paleoenvironment situated on a lake margin (Potts 
1988; Cerling and Hay 1986; Sikes 1994; Ashley et al. 2010). Initial faunal studies relied heavily 
on skeletal part profiles and low frequencies of meat bearing limb bones were interpreted as 
evidence of a carnivore kill site that was subsequently scavenged by hominins (Binford 1981). 
However, these early studies were later criticized because they focused primarily on limb 
epiphyses to the exclusion of shaft specimens. Subsequent studies by Bunn and Kroll (1986), 
which included long bone shafts, found that the assemblage at FLK Zinj was actually dominated 
by meaty limb elements (humerus, radio-ulna, femur, and tibia). This was interpreted as early 
access and systematic butchery of large mammal carcasses by Oldowan hominins. Early hominin 
access at FLK Zinj is further supported by studies using the Shannon evenness index (Faith et al., 
2009). This statistic measures the evenness of high survival skeletal elements in an assemblage 
in relation to their proportion in a complete carcass (Faith and Gordon 2007). Results revealed a 
high evenness for bovid limb bones, suggesting transport of relatively complete carcasses to the 




dominated faunal assemblage suggesting that hominins at FLK Zinj may have been ambush 
predators (Bunn and Pickering, 2010).  
While studies of skeletal part abundance are informative, they can be complicated by 
differential preservation of skeletal elements. Researchers typically rely on data from actualistic 
experiments to determine the timing of hominin and carnivore access to carcasses in 
archaeological assemblages (Binford et al., 1988; Blumenschine, 1988, 1995; Marean and 
Spencer, 1991; Marean et al., 1992; Selvaggio, 1994, 1998; Capaldo, 1997, 1998; Dominguez-
Rodrigo, 1997, 1999, 2001, 2002; Bunn, 2001; Lupo and O’Connell, 2002; Parkinson,  2013; 
Parkinson et al., 2014, 2015; Organista et al., 2016). Based on carnivore tooth mark frequencies, 
Blumenschine (1995) and Selvaggio (1998) suggested a three-stage model of carcass processing 
with felids (or other flesh specialists) having primary access to carcasses, followed by hominin 
bone marrow processing, and final consumption of remaining bone tissue by bone crunching 
hyaenids. In contrast, some have  argued that tooth mark frequencies reported by Blumenschine 
are an overestimation (Domínguez-Rodrigo 1997; Domínguez-Rodrigo and Pickering 2003; 
Domínguez-Rodrigo and Barba 2006; Domínguez-Rodrigo et al. 2007) and that lower carnivore 
tooth mark frequencies are suggestive of early access by hominins. Overall, combined evidence 
of cutmarks and tooth mark distribution have primarily been interpreted as early access by 
hominins with possible hunting of smaller mammals (Domínguez-Rodrigo 1999; Domínguez-
Rodrigo and Barba 2006; Domínguez-Rodrigo et al. 2007; Parkinson, 2013).  
The idea of early access to carcasses by Oldowan hominins is further supported by 
taphonomic and zooarchaeological studies at Kanjera and Koobi Fora in Kenya and El-Kherba 
(Ain Hanech) in northeastern Algeria. Taxonomic representation and isotopic analyses indicate 




grass-dominated) context in a lake margin setting (Plummer et al., 1999; Ferraro 2007; Plummer 
et al. 2009 a, b; Ferraro et al. 2013; Parkinson, 2014).  Frequencies and distribution of stone tool 
cutmarks and carnivore tooth marks most closely resemble experimental models in which 
humans were the primary agents of carcass processing  (Ferraro, 2007; Ferraro et al., 2013, 
Parkinson, 2014). Similarly, cut, percussion, and tooth mark frequencies and locations on 
archaeofaunas from the approximately 1.5 Ma sites of FwJj14A, FwJj14B, and GaJi14 at Koobi 
Fora , Kenya suggest early access by hominins to well-fleshed carcasses. These sites are all 
located in similar paleoenvironmental contexts, near shallow water with swampy, seasonally 
flooded areas, and some evidence for more wooded or gallery forest settings. (Pobiner et al., 
2008). Finally, excavations from El-Kherba dated to 1.78 Ma, yielded an Oldowan industry 
associated with a savanna-like fauna. Bone surface modification data suggest that early hominins 
were fully processing large mammal carcasses including evisceration, disarticulating, removal of 
muscle tissue, and breaking bones of large mammals to extract marrow (Sahnouni et al., 2013).  
 The heavily fragmented nature of the Elandsfontein fossils and poor surface 
preservation, limits the ability to make statistical comparisons with published experimental data.  
Despite the fact that damage frequencies are likely deflated by these factors, hominin damage 
frequencies in Bay 0209 fall within the range reported for BK, Olduvai Gorge and approach 
damage frequencies reported for other contemporaneous Early Stone Age localities where 
hominins are thought to be the primary agents of carcass accumulation [Table 1 (Bunn & Kroll, 
1986, Blumenschine, 1995, Monahan, 1996; Domıńguez-Rodrigo & Barba, 2006; Egeland & 
Domı ́nguez-Rodrigo, 2008; Pobiner et al., 2008; Rabinovich et al., 2012; Ferraro et al., 2013)]. 
Additionally, the majority of stone tool cutmarks at Elandsfontein, including cutmarks on 




when flesh specializing carnivores have first access to meaty limb elements, limb shaft are 
typically devoid of adhering tissue and leave little for hominins to scavenge. Since hominins 
rarely leave cutmarks on shafts when scavenging from carnivores, this pattern suggests that 
hominins at Elandsfontein had early access to large packets of muscle tissue on at least some 
occasions (Bunn and Kroll, 1986; Dominguez-Rodrigo, 1997, 1999a, b, 2002; Bunn, 2001; 
Dominguez-Rodrigo and Pickering, 2003; Pickering et al., 2004b). However, it is important to 
keep in mind that attrition and epiphyseal deletion may have erased evidence for cutmarking on 
these less dense bone portions.  
The totality of evidence, including the current study, suggests that Oldowan and 
Acheulean hominins had primary access to large carcasses on various occasions and demonstrate 
repeated systematic butchery in some localities (Shipman et al., 1981; Monahan, 1996; Carlos 
Díez et al., 1999; Fernández‐ Jalvo et al., 1999; Potts et al., 1999; Pickering et al., 2004a,b; 
Egeland & Domı ́nguez-Rodrigo, 2008; Domı ́nguez-Rodrigo et al., 2009; Pante, 2010, 2013; 
Rabinovich et al., 2012). Evidence of repeated early access and complete processing of medium 
to large size carcasses, suggests that meat was an important component of the Acheulean diet and 
that hominins had a moderately high rank relative to contemporary carnivores. Hominins likely 
gained early access to meaty carcasses through hunting or aggressive scavenging and may have 
had the ability to exclude carnivores from various points on the landscape (Bunn et al., 1980; 
Potts, 1989, 1994; Monahan, 1996; Potts et al., 1999; Dominguez-Rodrigo, 2002; Dominguez-
Rodrigo et al., 2002; Saladie et al., 2014). Given the wide geographic and temporal distribution 
of the Acheulean lithic industry, we should expect to see discrepancies in the frequency and 
modes of carcass acquisition. Thus, more information is needed to assess variability in 





Suggestions for future research 
 More work is needed to further evaluate the ecological constraints on Acheulean hominin 
foraging behavior. A necessary next step is to locate and excavate large primary-context 
assemblages from the full temporal and geographic span of the Acheulean industry. Although 
Acheulean hominins appear to have had early access to large mammal carcasses on various 
occasions, continued development of well studied Acheulean faunal assemblages will be critical 
for determining the scope of this behavior. Comparisons with experimentally derived feeding 
models would help elucidate the timing of access by various bone modifying agents 
(Blumenschine, 1988, 1995; Dominguez-Rodrigo, 1997, 2002; Selvaggio 1998; Capaldo, 1998; 
Marean et al., 2000; Dominguez-Rodrigo & Barba, 2006; Pickering & Egeland, 2006) and 
ungulate mortality (age) profiles would assist in determining whether fossil assemblages were 
attritional or catastrophic (Klein, 1982a,b; Stiner, 1990; Steele, 2003; 2004; 2005; Bunn & 
Pickering, 2010a,b).  
An important question that remains unanswered is whether Oldowan and Acheulean 
hominins incorporated meat into their diet year round or whether it was consumed seasonally as 
a fallback food. This can be explored through stable isotopic analysis of enamel from developing 
teeth (Bocherens et al., 1996; Balasse and Tresset, 2002; Balasse et al., 2002) and/or cementum 
increment analysis (Lieberman, 1994; O’Brien, 1994; Pike-Tay et al., 2008; Pike-Tay & 
Cosgrove, 2002; Wall-Scheffler & Foley, 2008). Traditional techniques for cementum analysis 
have been demonstrated to work on fossils as old as those from Pleistocene deposits at Koobi 




There are a number ways in which the ecomorphological models presented here can be 
expanded upon. One future direction is to test functional hypotheses for other 
ecomorphologically informative skeletal elements including the femur, radius, humerus, 
phalanges, astragalus, and calcaneus. These models could also be expanded to include a broader 
array of ungulate taxa including equids and cervids, making them more broadly applicable. As 
with any study, increased sample sizes would allow for more robust results, especially for taxa 
that are underrepresented such as Tragelaphines. Given the large number of Early Stone Age 
archaeological assemblages containing Syncerus and other large bovid taxa, it would be useful to 
expand the extant samples to include larger species like Syncerus caffer and Taurotragus oryx. 
Finally, plans are underway to investigate phylogenetic influence on bovid ecomorphological 
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